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ABSTRACT 


The technique of flash photolysis-vacuum ultraviolet 
kinetic absorption spectroscopy has been used to determine the 
absolute rate constants for the reactions of s(p) atoms with a 
variety of substrates. In addition, the temperature dependence 
of a number of these reactions was examined. 

Ground state s(p) atoms were produced by flash photo- 
lyzing COS in an excess of diluent, generally C0,. It has been 
Shown that under the conditions employed s(>p) atoms are gener- 
ated in a thermalized distribution and decay via first order 
kinetics. 

The determination of the rate constant for the reaction 
with oxygen was necessary to resolve the discrepancy in the liter- 
ature. Our value is in agreement with one of the previous deter- 
minations, suggesting that the other is low by three orders of 
magnitude. 

Since NO is an effective scavenger in many reaction 
systems, a knowledge of its rate of reaction with 5 (3p) atoms 
would prove advantageous. From the observed pressure dependence 
and reaction order studies it is shown that nitric oxide under- 
goes reaction with s(°p) atoms via a termolecular energy transfer 
mechanism. The extremely high efficiency of the reaction is in 
keeping with the rates reported for other reactions of atomic and 


radical species with NO. 
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Rate constants and Arrhenius parameters for the reactions 
of s(“p) atoms with a number of olefins were determined. Activation 
energies decrease with increasing substitution demonstrating the 
electrophilic nature of sulfur atoms and E. for the reaction with 
tetramethylethylene is -1.3 kcal mole”! 

The rate constant for abstraction from ethylene episulfide 
was determined in order to assess itS importance in the S + olefin 
system. From the results, together with a computer simulation of 
the S + olefin system it is concluded that under the conditions 
employed in this study at least 95% of the observed decay is due 
to reaction with olefin. Rate constants were also determined for 
abstraction from propylene and trans-2-butene episulfide. 

Rate constants were determined for the reactions of 
s(°p) atoms with a number of alkynes and Arrhenius parameters 
measured for the reactions with acetylene and propyne. The 
experimentally determined secondary H/D kinetic isotope effect 


FOG Hy and CoD. of ku/kp = 1.0 could be reproduced by detailed 
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calculations if a biradical model for the activated complex is 


assumed, 
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CHAPTER I 
INTRODUCTION 


The structure and reactivity of divalent atoms and 
radicals have been the Subject of numerous investigations over the 


eee: and 


past two decades, the foremost examples being methylene 
ground state oxygen atoms”. Although a large quantity of mechan- 
istic and kinetic data is currently available and several theor- 
etical studies on the detailed reaction surfaces have been 
published, certain controversial aspects concerning the chemistry 
of these species remain. 

Mechanistic studies of sulfur, the second row element 
in the Group VI A series, were initiated in these laboratories? in 
1962. During subsequent years, the reactions of sulfur atoms with 
a wide variety of substrates were explored in conventional photol- 
ysis systems and a large number of relative rate data became 
available. It then became necessary to obtain absolute rate 
constants for these reactions in order that they may be properly 
evaluated. The technique of flash photolysis - kinetic absorption 
spectroscopy was utilized in the present investigation for this 
purpose. 

To place the present investigation in proper perspective, 
a brief review will follow of the general chemistry and currently 
available sources of sulfur atoms; the chemistry of the other 


groups VI A elements, oxygen, selenium, and tellurium, and the 


technique of flash photolysis. 
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A. The Sulfur Atom 


The sulfur atom has sixteen electrons. In the Ss o" 


ground electron configuration the outer four electrons are 
distributed over three p-orbitals and give rise to five spectro- 
scopic states designated as eee Ds and oe The energy 
separation of the states’ is tabulated in Table I-1, along with 
those of the other group VI A atoms. The spin orbital components 
of the 3p ground state are epi °P, and apP in increasing energy 
respectively. Radiative transitions from the ‘tt, and “S, states 
to the 3p ground states are forbidden by rigid spin selection 
rules. Consequently, these excited atoms have long lifetimes and 
can undergo chemical reactions in addition to deactivation to the 
ground state. The wavelengths for various optical transitions in 


sulfur are depicted in Figure I-1. 
B. Sulfur Atom Sources 


A good source compound for the production of sulfur 
atoms must absorb in a convenient region of the spectrum, be 
readily available, and produce sulfur atoms in clearly defined 
spectroscopic states. The remaining photofragments should be 
either neutral molecules or stable radicals which disappear 
solely by recombination or diffusion. The ultraviolet photolysis 


of SPF 35 CS55 CoHyS and COS have been examined in this context. 
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TABLE I-1 


Energy Levels of the Atoms of the 


Group VI A Elements a 


Term Energy, kcal/mole 
0 S Se 

3 

P. 0 0 0 

P, 0.45 1.14 530 

pA 0.65 1.64 7.25 

Ds 45.4 26.4 27.4 

Se 96 .6 63.4 64.2 


a. from reference 7 
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Grotrian Diagram for Sulfur 
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1) The presence of sulfur atoms in the photolysis 
of SPF. was proposed” on the basis of the observed spectrum of 


ACHE via the reactions, 


2) It has been demonstrated” that photolysis of CS, 


in the 210-190 nm region produces ground state sulfur atoms, 


OS i Seen Sie 


2 P) 


and CS. was later used? in quantitative rate determinations. In 
Static photolysis! |, however, the low yield of sulfur atoms and 
extensive copolymerization of CS radicals make CS, an unattractive 


choice. 


3) The appearance of the gs) spectrum in the 
flash photolysis of ethylene episulfide was interpreted in 


terms of the following reactions: 


CoHyS(E) + hy —> Ve" 
* 
lee oe 
3 3 
pe oes CHa ae) 
aE ee 
FE +E— 2 CoHg * SoCEQ ) 
— ?2E 
Se = eae) 
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where the superscript on E denotes the multiplicity of the 
electronically excited states. However, recent work has shown 
“that decomposition to CoH, + 5(>p) is completely quenched above 
about 75 torr total pressure. This, as well as other observations, 


militate against its use as a source in conventional photolysis. 


4) The photolysis of COS has been extensively employed!” 


as a sulfur atom source under a great variety of conditions. The 
first ULV. absorption band! extends from 260.0 nm to the vacuum 
region (Figure I-2). The mean radiative lifetime of the excited 
: S 


state is ~ 3 x 10° sec. Although several transitions are buried 


in this broad absorption band, the long wavelength portion prob- 


ably arises froma Il - II* excitation! 2? !®, 


The primary photolytic 
dissociation into CO and s('D,) atoms which is both spin and 
symmetry allowed, becomes energetically feasible at A < 289.5 nm 


(98.8 kcal/mole) 
cos ('s*) +m —> co('s*) + s('D,) [la] 


Although dissociation into ground state atoms is formally spin 


forbidden, 


+ 


CSM emt COL erect -D) fe 


there is indirect evidence | that as much as 30% of the primary 
process proceeds via [1b]. 


The quantum yield of CO formation in the gas phase is 


77 : 7 i . . 
sored), eT. 

‘hie 7o., gti ryt Op bani ih BP atl its _ 
I 5 vain 
ara faye aT vee ae > v iit a? 


pail 12 Ply a: pat ‘My Ate Sam a 


ivave snl 


“yi NOM DSravy uiaistanibs < 


) «ya 0 Soeda 
far ire” ity Bhai? y en ‘ — 


37 i 7 j ‘. \ co @ 
pf ?ey a ; 
eh eu ok) aut arth 
! | mac aaa J ! Ayre — ou "4 
’ i if 
‘on 
‘s in att 01 
tas d EN Rig agar onioieng 7 | 
¢ yi bv Jie j A4AG mf : 
ts han 5 Sila Sh Jt if 
j a ] i 7 ’ \ us # f = WM ¥.! et eT ee 1o. “e 
a) ' 5 7 7 
+4 . . 
t 1 Oe, 4ae f% ik 285 La ve ’ a rahe 
fii i Vi if 
. . 7 ‘ ‘i syrthp pet “sen Si =] 4 uphy 4a eet 


5 Oa 
1H i 
“7? 1 eMc 4 guar 3 A je Lf chew at aia 
ti) ut: / . : 


wee \o bensd, aE 
ao) 


ons ! ‘ \ 
na a 
if ns ri ~ ; t my ile wp ¥ 7 
La | ‘ i 4 7 = 7 
J r 
| i ng 5 « i at ia 
ad 
r tos Vi | =Wigsree ‘at Vie! ae 
A a¥, a yi . 
+ 4% ne 
I : i's ' “ aT) AO) 
A ij : 
if 1 Gi 12 ' ' ude pom Wii 1CG7 Orv i: ath a 
, 


| : : “a i 4 
bat) (bye =O, Se Gh 2") B09 


” 
Grime ig ate Ta FPL is oun 22 dwt Mp sib pie. tf 


tai m seme 


, anh an tay ae hata ‘ rel - iT : 


: 5 
a f 269 er 
" 


wie 
_ As A - ' 


> 


, 


"¢)$09 40 wn4z0ads uolyd4osqy :2-I JyNOT4 


(v7) yyBuajaan/A 
O09¢ 0052 O00V7c2 O08¢ 0022 O0lZ ~000z 


beets _| 


oO). — 
Pe al 
OLS & 
' O 
| be 3 
'O)-74 3.0 
SB) 
GC x 
— 6 
Oe Omran 
~wn 
: => 
G1 pees 
e ((@) te 
Ove S) 


7 iy @ 


Ve eoubH ON 


ee 


“ou os 
ier a £10 


A 


16 


1G at Ase cay 0 and 2ze.0 hm  ,°inditcating that step [1} 1s 


followed by 
s('D,) + COS —> CO+S, [2] 


Since step [2] should proceed with unit efficiency it is not 

known why (CO) is less than the expected value of 2.0. It may 

be related to an inherent inefficiency in the primary dissociation 
or the measurements themselves may be in error. 


The So (a'4,) state has been detected by flash spectros- 
1G S77, 


copy . Additional steps to be considered are 
1 s 
S( D.) + COS —~> S(~P) + COS* [3] 
s(*P) + cOoS —> CO+S, [4] 
25(°P) + M —> soem [5] 
M 
Z S» a Sy etc [6 | 


The possibility of collisional deactivation, step [3], has made 


it difficult to evaluate the extent of primary formation of 


ape) atoms via step [lb]. However, it would now appear that 


as much as thirty percent of the sulfur atoms are formed in the 


3 


Si P. 1 0) state. At the outset of this investigation, only rela- 


tive rates were available for Ka. Gunning and Strausz.” obtained 
a value of 25 while Jakubowski, et ee reported a value of 83 
for tneerdtlo 07 s (2p) addition to ethylene relative to step [4]. 


Step [5] was postulated from observation of the formation of the 


So species —?". The S5 species decays fairly rapidly via [6] to 
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higher polymeric forms of sulfur. The rate of recombination '@ is 


9 


pressure dependent, with values ranging from 0.41 x 10° at 17 torr 


COS pressure to 4.3 x l0elmole.) seer at 410 torr. 


Carbon dioxide, xenon, and argon have been demonstrated 


to be efficient quenchers of s('D,) atoms (4221 
] 3 
SH D,) +M ———> S(~P)+™M Al 
The values of kz are >1 x io ihe AVoroetneh Deh cello) rites 


Places 


Sec! for (0.5 Xe, and Ar respectively Since the rate of 


quenching by CO, is comparable to the rate of reaction of s('D,) 
atoms with hydrocarbons, the introduction of a large excess of 
CO, will result in virtually complete deactivation of aby 
atoms to the ground state and thus the C0. + COS system is a 
"clean" source of s(3p) atoms. 


Photolysis of COS in the vacuum ultraviolet produces a 


1 24. 


S, sulfur atom and a vibrationally excited CO molecule 
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The COS spectrum in this region consists of two intense diffuse 


bands centered at 166.7 nm and 152.7 ane Due to restrictions 


imposed by symmetry, the transitions from SCS) to s(! 


i favenameonpinedirate- of (Gex jor? 9 eile eee 


D.) and 
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2,1,0° 
Therefore, it has been possible to obtain rate data for reactions 


involving this sudelsse yoo 


Sulfur 3p atoms can also be produced by the triplet 
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mercury photosensitization of cos |. 
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COS + Hg(6-P 


)) > CO+ S(°P) + Ha(els_) 


As in the case of direct u.v, photolysis, the primary quantum yield 
TSe sor 
In addition, COS has proven to be a good source of 


sulfur atoms in the liquid phase“! 


due to its high solubility in 
organic solvent. The primary quantum yield is the same as in the 
gas phase, 0.9, but the relative yields of singlet to triplet atom 
formation are solvent-dependent and in general lower than in the 
gas phase. In inert solvents, essentially complete deactivation 


of the s('p atoms to the ground state occurs. 


» 
From the preceeding discussion, it is obvious that COS 
fulfills all the prerequisites of a desirable photochemical source 
of sulfur atoms. In addition, the CO produced in the reaction can 
serve aS a useful internal actinometer for the amounts of sulfur 
atoms produced and scavenged when other substrates are present. 


Table I-2 summarizes all the sulfur atom sources investigated to 


date. 
C. The Reactivity of Sulfur Atoms 


It has been demonetrated: that both the nature and 
the rates of the chemical reactions of sulfur atoms are dependent 
on the spectroscopic state of the sulfur atom. The ground (3p) and 


metastable ('p states have been extensively studied and some data 
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are available for the reactivity of the on Siote. 


(ep ) Atoms 


25150 


Detailed studies have shown that 5 (Pp) atoms react 
readily with olefins and acetylenes. The reaction with simple 
olefins is uncomplicated in that it yields only the cyclic 
adduct, episulfide, in nearly quantitative yields. Table I-3 
lists relative rate data for a variety of olefins. The increase 
in the rate of addition with increasing alkyl substitution on 
the double bond clearly manifests the electrophilic nature of 
ground state sulfur atoms. The reaction with ezs-2-butene or 
ets-1,2-difluoroethylene is of particular interest because it is 
highly stereoselective, in contrast with the comparable reactions 


3p) atoms”. 


of 0( 

To gain information about the nature and structure of 
the transition state involved in tne addition of 5 (Pp) atoms to 
ethylene, the secondary kinetic isotope effects were measured for 
addition to ethylene-1,1~d., cis-ethylene-d., trans-ethylene-d., 
and ethylene-d,°°. A complete study of the effect of iso- 


topic substitution in this reaction has recently been published”. 


Extensive theoretical ealculations eck are now available on the 
sulfur plus ethylene reaction path and the ground and excited 
states of ethylene episulfide. The calculations predict that in 


the reaction with sulfur 3p atoms, the product episulfide is formed 


in a distorted triplet state with the sulfur closer to one methylene 
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TABLE 13 


Relative Rates and Arrhenius Parameters 


For s(3p) Additions © 


a 
K/ke eh K/keeh Erth = AIRE +h 

CH=CH, 1.0 1.0 0.0 1.0 
CH,-CH=CH, 6.8 6.7 era 1.0 
Cts CH-CH=CH-CH, 18 Wi 2.09 O50 
trans CH,-CH=CH-CH. BS 18 2e0A 0.65 
CH+CH,-CH=CH,, VW = - a 
(CH) ,C=CH, 54 50 2.36 0.97 
(CH, ),C=CH(CH.) 88 70 B01 Oa54 
(CH) C=C(CH,). eA 135 Sh StS OF50 
CH=CH-CH=CH, Ta, Vie 2.04 224 
CHCH,C(CH)=CH, 63 87 ere) OG 
CH2CHACH5=CH, ia 13 lee Oe 75 
C-CHe 21 24 215 0.67 
CH, =CHF - 0-42 -0.73 1240 
ets CHF=CHF - 0.018 -2.71] M66 
trans CHF=CHF - 0.043 -2.62 B00 

= = Sl) 9 
CF, CH, 0.10 ihe) ] 
CF =CFH - 0.07 -2.0 ees 

= és -l. 05 
CF, CF, 0.14 1236 ] 
CH,.CF=CH 20 - - - 
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TABLE I-3 (continued) 


Eth Eth Eth 

CF CH=CH, = 0.104 -1.46 lets 
CF (CH )C=CH,, lez - . a 
CF CF ,-CH=CH, 0.094 - = = 
SF .-CH=CH,, 0.4 - : = 
CHo=CHC1 1.4 1.4  -0.52 3.4 
trans CHC1=CHC1 >4.6 - ~ - 
ets CDH=CDH - 1.04 - - 
trans CDH=CDH - dele - - 
CD,=CH., - 1207, e e 
CD,=CD. - 1.144 - - 
CH=CH 0235 - -2.03 G22 
CD,-C=CH (as) ~ -9.89 6.2 
CH,-C=C-CH., 29 24 eo Ze 


a. Measured at 27°C 
b. Calculated from Arrhenius parameters 


c. Reference 28 
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group than the other. The barrier to rotation of the distant 
methylene group is some 3 kcal higher than the total eneray 
content of the molecule. 

The primary adduct of the reaction of s(>P) atoms with 
acetylenes could be thiirene, eS. or an unsaturated biradical 


Dhaethomddieicneet emis 


eae . It has been shown 
quantity of CO. to a reaction system containing s('D,) atoms 
causes a reduction in thiophene yield. Thus, it can be concluded 
that the triplet adduct undergoes more extensive polymerization 
relative to the product of s('D,) plus acetylene reaction. 
Unlike 0(°p) rons s(3p) atoms do not abstract hydro- 
gen from paraffinic C-H bonds. This can be attributed to the 
lower bond strength of the S-H bond. Both Se(°P) and Te(°P), 


like s(3p), are unreactive towards paraffins. 0(7P) is unique 


among the group VI A atoms in this respect. 


2 s('D,) Atoms 
Since s('D,) atoms are metastable, their chemical react- 
34 
ivity can be deduced from product and kinetic analysis . s('D,) 


atoms react with olefins to yield episulfides, vinylic and alkenyl] 
mercaptans. The mercaptan product yields are nearly statistical. 
Product distributions obtained for various olefins in the gas, 
liquid, and solid phases are given in Table I-4. At present it 

is not known how much of the episulfide is produced via a state 


and symmetry allowed addition of s('D,) atoms to the double bond, 
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Product Distribution from the Reaction of s('p 


with Olefins Relative to Episulfide. °° 


—_—_————————— eS 


Vinylic 


Gas Phase 


CoH, 


Che 


t-Cahy 
2-Cale 
1-CaHe 


CCHCH 


(CH) ,CCHCH, 


Liquid Phase 


CoH, 


CH. 


Soqideat: =196" 


CoH, 


C346 


TABLE 1-4 
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O73! 
0.21 
nil 
0.20 


nil 


0.44 


OeZ 
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9) 


Alkeny] 
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s('D,) + olefin —+ ground state episulfide 


and what fraction arises from addition of 5 (3p) atoms via, 


3 


S("D,) SD ASS FT eee ae Si + olefin 


Po 1,0) 


Po 1,0) + (oletin———> "excited enisulfide 


: : M 
excited episuiride ———-—> ground state episul fide 


Relative rate data>> derived from the s( 


D.) + olefin system 
yielded episulfide ratios quite different from the 5 (3p) plus 
olefin systems, and the sensitivities of these ratios to the 
relative concentrations of the two olefins demonstrated the 
occurrence of the deactivation reaction. 

The primary addition products for the reaction of 
s('D,) atoms with acetylenes are unstable entities. In the 
reaction with acetylene, the retrievable products are (Sos 
benzene and thiophene in low, pressure dependent yields. Flash 
photolysis-mass spectrometric studies have shown the presence of 
one or more species with a mass corresponding to an acetylene- 
sulfur adduct°. The lifetime of these species varied with the 
alkyne used, but was of the order of ~ 1 sec (see Table I-5). 

A reasonable structure would be either thiirene or 
thioketene, since the long lifetimes are not consistent with 
excited or free radical intermediates as carriers. 


The intermediacy of thiirene in this system is sub- 


stantrated by the phocolysiS OF 1,2,3-thiadiazole and its 4- 
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TABLE I-5 


Half Lives of the Transients Formed in 


the Reactions of s('D,) with Acetylenes>° 


Alkyne Decay Half Life (sec) 
Acetylene 2 
Propyne 5 
Butyne-2 v4 


Hexaf luorobutyne-2 0.1 
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methyl and 5-methy1 derivatives?! in the presence of hexafluoro- 


butyne-2: 
HC — N HC 
I i) oF ohy —— lI ce N 
HC ON HC . 
NG S 
S 
HC ON 
HC 
S 
HC = CH HC — C — CF 4 
Ne Ee Ol 
S HC G — CF. 
eA 


If thiirene is the intermediate, then the two hydrogen positions 
should be equivalent. Substitution of a methyl group in either 
the 5- or 4- positions of the thiadiazole leads to the same com- 
pound, 2,3 bis (trifluoromethyl) -5- methylthiophene as the sole 
thiophene product. This would be inconsistent with a thioketene 
intermediate. 

Reactions with paraffins yield mercaptans which are 
probably formed by an insertive attack on the C-H bond. In the 
gas phase, the insertion is indiscriminate but some selectivity 
has been observed in the liquid phase. The rate of insertion in- 
creases with increasing kinetic energy of the sulfur atom, e.g. 
by photolyzing COS at shorter wavelengths, and therefore the 


process appears to require an activation energy. Parallel to 
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insertion, the s('D,) atoms can be deactivated to the ground state. 


s('D,) i pth, Cea 


ain an =a + RH 


2) 2,1,0) 


Absolute rate determinations for reactions involving 
s('D,) have been complicated by the inability to directly monitor 


10 ] -] 


this species. However, a lower limit of 4x 10-1 mole sec 


has been denenitne | for the rate of abstraction from COS 


] ] 
Sal D.) + COS — cot S» (a Ay) 


by monitoring the So(9'A, a a's.) absorption spectrum. This 
corresponds to a collision efficiency of one in four. From this, 
lower limits can be set for a number of other reactions and these 
are listed in Table I-6. The extreme efficiency of these reactions 


is evident. 


an s('s Atoms 


0) 
The only information on the reactivity of this species 


POEN 2S on the absolute rates of quenching 


are the recent studies 
and/or reaction with various substrates. Product analysis has 
not been attempted. It was found that the aS.) state is rel- 
atively long-lived (it decays over ~ 100 ysec) due to the for- 
bidden nature of the transition to the ground state. The species 


was monitored either by its absorption at 178.2 nm ('P, —'s,) 
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TABLE I-6 


Relative Rate Data for s('D,) Atoms 


Reactant 


reference 38 


reference 39 
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or by emission at 772.5 us —- Dy) and at 458.9 nm Us —? 
aBe A summary of the absolute rate data derived from these 
experiments is given in Table I-7. Considerably more work with 


this species is warranted. 


D. Reactivity of Other Ground State, Group VI A Atoms 


ibe 0(°p) Atoms 


Of all the Group VI A atoms, oxygen has the longest 
history of investigation. The reactions it undergoes are thorough- 
ly documented” and the products well established. However, even 


eee are of 


for this species, measurements of absolute rate data 
more recent origin. 

The products of the 0(°p) plus olefin reaction are 
epoxides, aldehydes and ketones in varying proportions depending 
on the nature of the olefin. The original mechanism proposed 
by Cvetanovic? featured a triplet biradical intermediate which 


could either cyclize to epoxide or undergo an intramolecular 


H-atom or CH radical shift to a carbonyl compound. 
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3 7 J 
O(~P) + CHACH = Si years CH4CH - CH, 
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TABLE I-7 


Absolute Rate Data for als ) Atoms 
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Molecule k 
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TABLE I-7 (continued) 


cule 4 
(1 mole 
Oe 6s 0 
se OC 1,0 
Spook a 0 
from reference 26 


from reference 24 
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The driving force behind carbonyl formation is presumably the 
high strength of the C = 0 bond. Relative rate datar20026! 
Table I-8, obtained from conventional studies are remarkably 
Similar to those obtained for 5(>p) atom reactions except that the 
latter appear to be somewhat more sensitive to molecular structure. 
The room temperature reaction with ezs-2-butene affords 
eis- and trans- epoxides in nearly equivalent yields. 
However, it has been demonstrated that the relative 


isomer yields are temperature dependent©2~©> 


and a hydrogen 
bridged intermediate was proposed in which hydrogen bonding 


restricts rotation about the C-C bond. For example, 


Ve? Hea Oe wen 
\ es and SS 4 s 

Cc — C. ers 
R~ R R~ \H 


Neither of these two alternatives is entirely satis- 
factory and in fact recent ab tinttto exlomeeine”” on the 0(3p) 
plus CoHy reaction path and the ground and excited states of 
ethylene epoxide indicate that in the first excited triplet state 
of the epoxide the rotational barrier is prohibitively high and 
rapid intersystem crossing to a ground state surface takes place 
from where the isomerization occurs. The nature of the ground 
state surface is not known but is probably ionic in character. 

The addition of 0(°p) atoms to acetylenes is character- 


ized by extensive cracking of the primary adduct. The non-inter- 


vention of oxirene has been shown in recent comparative studies of 
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TABLE I-8 


Relative Rate Data for the Reactions 
CRON: Bi ticonce CHaonenineec 


a 


Olefin K/K oe Ea(eth)-Ea a A/A oth 
(kcal moles) 

Ethylene 0 0 | zo 
Propylene Sieas: - - 
1-Butene a.0 IZ Oc 73 
trans-2-butene 28 - - 
ets-2-butene 24 - ~ 
Isobutene 25 2.13 0.66 
Cyclopentene 30 ade) 10 
Trimethylethylene 79 pe les 
Tetramethy lethylene 109 Rese lez 
1-3 Butadiene 24 138 leu 


a. Reference 5 


26 
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the 0 plus dimethyl acetylene system?” , The principal products 
of the reaction are CO and CHE in nearly equal yields along with 
methyl vinyl ketone. CO production is suppressed and methyl] 
vinyl ketone production enhanced by pressure, but the sum is 


pressure independent. Therefore, the reaction sequence would 


appear to be: 


¢ 3 or (3)* 
Cee ecGHs et 0(5P) > 0H Cori CCH, 


~ écy (3)* As ee 
CH4CO - CCH, ce CE ECO COR EU 


M se ( 
oan 4 CH3CO - CCH. 


3) 


cH.co - ¢cH, (3) ——s CH,COCH = CH 


3 3 2 


Thus, at very high pressures, the only major product should be 
methyl vinyl ketone. Methyl acetylene follows a similar reaction 


path®/ 


» giving as principal products CO and ethylene from the 
decomposition of the methyl ketene intermediate, acrolein, and 
several hydrocarbons derivable from free radical precursors. The 
reaction of 0(2p) atoms with sceeiene se Veventels (G0, CHa. Ho 
and solid polymer as final products with ketene as a definite 


intermediate in a complex overall reaction scheme. 


2, Se(°P) Atoms 


Although more limited in scope, the data Avatlablecal. 


on the reactions of eet atoms with olefins are useful in that 


they complement the trends already established for oxygen and 
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sulfur. Absolute rates and Arrhenius parameters with a number 


of olefins have been determined! |>72 


via the technique of flash 
‘photolysis and employing the photolysis of Cse,, as a source of 
Sa(>P) atoms. Identification of the primary adduct was established 
by spectroscopic observation of the episelenide. Episelenides are 
very unstable and decompose readily to Se, plus two olefins, and 
therefore the system is not very suitable for conventional photo- 
lysis experiments. Table I-9 summarizes the kinetic data present- 
ly available. The selectivity parallels quite closely that ob- 

(3 


tained for S(~P) atoms and the trends in E. are directly compara- 


ble to those observed in s(3p) and 0(7p) systems. 
a Te(>p) Atoms 


The reactions of Te(°P) atoms have been investigated by 


75,76 Tee 


the technique of flash photolysis P) atoms were pro- 
duced by flashing dimethyltelluride,and the unstable epitelluride 
adduct which formed in the presence of olefins was detected by 


kinetic absorption spectroscopy and kinetic mass spectrometry. 


CHaTeCH, + hy —> 2CH, + Te( =P) 


3 & 


—— CH. at CHTe —_ 2CH. + Te 


The rate constants and Arrhenius parameters available are sum- 
marized in Table I-10. The selectivity of Te("P) atoms 1S some- 
what enhanced relative to the other Group IV A atoms. However, 


; 3 
the relative trend in e established for 0(°P), 5 (7p) and Se(~P) 
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Rate Parameters for the Addition 


Olefin 


ethylene 
propylene 
1-butene 
cts-2-butene 
trans-2-butene 
isobutene 


1,3-butadiene 


a. references 71 
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TABLE I-10 
Rate Parameters for Addition of Te(*P,) 
Atoms to Olefins @ 
ee a ae ee ee oe ae ee re al aN, eee a 
Olefin ae ei E log A 
eth hs ee 
(kcal mole — ) (Teno les. seca) 
ethylene ] Zio) 8.9 
propylene 9.4 0.6 8.5 
1-butene 12 - - 
ets-2-butene 50 ~ - 
tetramethy1- a4 
cee 308 16 8.4 
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a 


is maintained for Tat Py, The slow decrease in the A-factor may 
be attributed to the greater importance of steric considerations 


in the case of tellurium relative to the other Group VI A atoms. 
Eee PF lash Photolysis 
1. Development 


The technique of flash photolysis was developed by 
Norrish and Porter!’ in 1949. The equipment was further described 
by Porter in a 1950 publication’®, Components of such a system 
had previously been described, for example, White's spectroscopic 


flash lamp (1 uF at 15 kV) in 194072. 


However, the apparatus used 
by Norrish and Porter was the first complete assembly to fit the 
required specifications. The flash lamp was filled with 50 torr 
Krypton and was fired at 500 uF and 4 kV (4000 joules), and had a 
lifetime of 1.5 milliseconds. The spectroscopic lamp was filled 
with 100 torr Krypton and was fired at 70 uF and 4.5 kV. It had 

a lifetime of 50 wseconds and was thus capable of monitoring 
transients having lifetimes in the millisecond region. The basic 
design was adopted in 1950 by Herzberg and Ramsay who developed 
equipment with extremely long path lengths, allowing the detection 
of very small concentrations of absorbents. A photomultiplier was 
used in 1951 for direct kinetic measurements of the rate of re- 
combination of | atoms?! 


The originators of this equipment followed two diverging 


paths of research. Porter applied the technique largely to the 
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study of liquid phase systems and Norrish, largely to the 
study of gas phase systems. The method has since been 
applied to studies at low temperatures®< and to temperatures as 


oe 


nirgheasi 273° K It has also been expanded to include the 


generation and monitoring of transients in the vacuum ultra- 


84,85 


violet At present laser technology is providing continuing 


improvements in the apparatus, allowing studies to be carried out 
at shorter time scales (nanoseconds and picoseconds)°°, teas 
interesting that even now, commercial apparatus is not readily 
available and this may have accelerated the development of modi- 
fications in the basic design first described by Norrish and 


porter 


2. Types of Flash Photolysis Apparatus 


Flash apparatus can be separated into two classes, 
depending on the method of detection: those employing flash 
spectroscopy and those employing kinetic spectrophotometry. In 
the first technique, the spectrum is recorded photographically at 
a given delay; by repeating this procedure at various delays a 
time profile may be obtained for the transients observable in that 
spectral region. Where kinetic spectrophotometry is used, the 
spectrograph and photographic plate are replaced by a mono- 
chromator (or a filter system) and a photoelectric detection 
system. This then allows the continuous monitoring of a given 


wavelength as a function oy time. 
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The two techniques are complementary. For the initial 
Study of a system, flash spectroscopy is preferred since it allows 
identification of spectra and clarification of the various pro- 
cesses in the system; in other words, it provides a more compre- 
hensive look at the system. However, once the overall features of 
a system have been established, it then may be desirable to monitor 
preselected wavelengths in order to follow the kinetics of the 
system. This has the advantage of greater time economy since a 
total decay curve is obtained at each flash. Kinetic Spectro- 
photometry should therefore not be utilized to study a system 
which has not been previously examined in a more detailed manner 
by flash spectroscopy, since the fate of the decaying species 


would be uncertain. 
3. Light Sources 


An area critical to the success of a flash photolysis 
apparatus is the type of lamp used. The flash lamp is required 
to produce a sufficient concentration of intermediates in order 
to allow monitoring by a given detection technique, but the 
efficiency required of the lamp must be compatible with the life- 
time of the observed transient. This is an important consider- 
ation in the investigation of very short-lived species, since the 
greater the energy outlay, the longer the time profile of the 
light output. The design of any given apparatus must therefore 


be a compromise between energy output and time profile for decay. 
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The extension of investigations to increasingly shorter decay 
times®® has required the development of consistently better 
detection systems. Figure I-3 illustrates a rough correlation 
between energy output and flash duration (width at half peak 
height)°”. Some improvement in the total energy output can be 
obtained to a limited degree without sacrificing delay times by 
decreasing capacitance and increasing voltage. An alternative 
method is to arrange a number of lamps with individual capacitors 
around the cell, and firing these lamps from 4 eae trigger. 

A typical flash lamp is filled with krypton and provides 
a continuum extending into the vacuum ultraviolet. For a given 
flash lamp, it has been demonstrated that ~15% of the available 
energy is dissipated within the reaction cell in the 200-400 nm 
region®’. To maximize this incident radiation reflectors con- 
sisting of surfaces coated with magnesium oxide are frequently 
placed around the lamp-cell assembly. 

The characteristics of the lamp undergo little change 
with temperature’°. A common design for temperature-controlled 
systems encloses the entire cell-lamp assembly inside a thermo- 
stated oven. Another design is a jacketed cell in which a temp- 
erature-controlled liquid with the required transparency is 
circulated. Two examples of this liquid are silicon 011, which 
transmits above 350 nm and can be heated to 250°C, and ethylene 
glycol, which can be used below 240 nm but can only be heated to 


140°c°8 | An additional advantage of this technique is the 
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ability to dissolve filtering dyes into the heating solvent. 

To ensure that reproducible flash profiles can be ob- 
tained, an essential requirement of an apparatus used for kinetic 
measurements is that a mercury-free system be used to fill the 


1 86 
amp. 


Pe ee VeeUrOntcCs 
1, Triggering 


In the first stages of development a spark gap was used 
to trigger the spectroscopic lamp. A trigger circuit initiated 
by the delay apparatus discharges a high voltage from a side elec- 
trode across the gap. This causes electrical breakdown between 
the two primary electrodes and the capacitor discharges across 
the spectroscopic lamp. Thyretrons and ignitrons have since re- 
placed this device. Advantages of the ignitron are economy and 


Simplicity coupled with low-radiation characteristics’” 
ii. Delays 


Pre-set delays can be achieved by mechanical devices 
for delay times in the millisecond range. For microsecond delays, 
electronic circuitry must be used. A novel delay technique has 
been described by Porter?~ for a nanosecond laser-photolysis 
apparatus. Variations in the path length travelled by a u.v. 
pulse used to trigger a spark gap were utilized as a means of 


controlling delay times. Since light travels 30 cm per nano- 
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second, the delays could be easily and accurately determined by 


the use of an optical system of mirrors. 
iii. Detection 


Although photographic recording has many inherent ad- 
vantages, the necessity of detecting short, low-energy pulses has 
accelerated the development of extremely sensitive photoelectric 
detection devices. Coupling these devices with repetitive tech- 
niques, extremely small signals may be ene een monitored. 

As a result, optical states having rates of decay as short as 


10!4 her have been successfully Here ted 


5. Measurement of Absorption Densities 


Spectroscopic investigations of transient substances are 
frequently complicated because neither the concentration nor the 
absolute extinction coefficients are known. Relative magnitudes 
obtained from plate photometry allow the determination of first 
order rates of the transient. General behaviour can also be 
Studiedarromeciis datas if the reaction in the transientiis 
higher than first order, then the concentration under a given set 
of conditions must be determined. Comparison with all other data 


can then be made using one of two techniques. 


The density of the photographic image is dependent on 


the intensity and duration of the incident light and on the y value 
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of the plate. Y is designated as the slope of the Straight-line 
portion of the film response curve (plot of density versus 
exposure) and is dependent on emulsion characteristics and the 
degree of development. If, for any given emulsion, the plates 
are processed under controlled conditions, ¥ is constant and 

the plates can be interpreted by direct comparison. Alternatively, 
each individual plate can be calibrated with the use of a set of 
Standard density wedges. This method is more reliable since one 
has a constant check of the value of Y, but it is not necessarily 
more accurate than the first method performed with due care since 
in this case Y must be invariant. Also, the calibration of each 
separate plate is time consuming, and therefore this method is 


generally used as a check on the other. 
6. Determination of Absolute Concentration 


The absolute concentration of a short-lived species may 
be obtained by one of two methods, both of which require that the 
kinetics of the system be known. If this is so, then it may be 
possible to determine the rate of depletion of the starting mat- 
erial or the rate of formation of the final product by convention- 
al analytical techniques. The concentration of the intermediate 
can then be calculated. Alternatively the per cent depletion of 
the starting material can be measured by spectroscopic means. 

The conversion of these types of measurements to absolute concen- 


tration data is not necessarily a simple task since they may be 
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associated with relatively large errors arising from the small 
quantities and low conversions often employed in flash photolytic 


Studies. 
7. Complications of Detection in the Vacuum Ultraviolet 


Additional problems exist for operation in the vacuum 
ultraviolet. “The exclusion of all air from the optical path is 
the primary concern, since oxygen absorbs strongly below 190 nm. 
Furthermore, considerable expense is involved in the acquisition 
of a grating instrument with an efficient pumping system. Special 
window and lens materials must be used since quartz only transmits 
above ~185.0 nm. Materials commonly used are suprasil, sapphire 
and lithium fluoride (see Table II-2 for the transmission character- 
istics of window materials). Normal film is unsuitable due to the 
absorption in this region by the binding medium. To overcome this 
problem, the light-sensitive grains actually protrude from the 
surface of the film; hence it is extremely prone to abrasion 


damage. 
F. Aim of the Present Investigation 


At the time this project was initiated, a great deal of 
information was available on the chemistry of sulfur atoms. The 
gross features of the reactions of ('d,) and (2p) states with COS, 
paraffins, olefins and acetylenes had been delineated and a sub- 


stantial amount of relative rate data had been reported. 
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At that point it was obvious that absolute rate con- 
stants, activation energies and Arrhenius parameters for these 
reactions would have to be determined in order to correctly 
evaluate the reactivity of sulfur atoms. The main purpose of 
this investigation was therefore to measure the absolute rate 


3p) sulfur atoms with a variety 


parameters for the reactions of ( 
of olefins and alkynes. The absolute rate studies with 
alkynes were of particular importance since the relative rate 
data could not be obtained from direct product yields in competi- 
tive experiments but had to be evaluated on the basis of the rate 
of disappearance of an episulfide using an olefin as the competi- 
tive reagent. The errors in these determinations were therefore 
quite large. The secondary kinetic isotope effects in the 
Set CHa reaction had been established in relative rate studies 
and it was therefore decided that a similar study on the S + CoH, 
reaction would provide some information regarding the structure of 
the primary adduct. 

In addition to providing kinetic data, it was hoped 
that these studies might provide added insight into the reaction 
surfaces followed by these systems. Cvetanovic suggested that the 
rate of addition of 0(7P) atoms to tetramethyl ethylene, which was 
the most rapid reaction investigated, was near the collision fre- 
quency and that the activation energy was close to or equal to zero. 


If so, then E. for the 0(?P) + ethylene reaction, would be 2.6 


kcal/mole. Inspection of the rate data for s(°P,), Table I-3 
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Shows that af this 1s the case for- sulfur as well, then Ee. for the 


5(3 


P) + ethylene reaction would be 3.36 kcal/mole. This value 
appears to be too high and the only reasonable alternative which 
would agree with the observed trends is if the reaction with 
tetramethyl ethylene featured a negative activation energy. The 
necessity of determining absolute rate parameters for this par- 
ticular reaction is therefore obvious. 

The photochemical decomposition of COS in the presence 
of C0, had been shown to be an excellent source of ground state 
triplet atoms in conventional photolysis and this system was 
chosen for the present study. Rate constants would be determined 
(2p (3 


by monitoring the S,) absorption intensity at 180.7 nm. 


9) 


For the decay of 5 (9p atoms to be representative of the total 


5) 
decay of the three metastable states, they must be in thermal 
equilibrium. Therefore auxiliary experiments were undertaken in 
order to measure the population ratios of the Bee pe and ay, 
states. The absolute rate of decay of ground state sulfur atoms 
in COS - C0, had never been measured. In order to apply corrections 
to the rates of decay observed in the presence of substrate, this 
aspect of the overall study had to be investigated. 

In the s(3p) + olefin system rate determinations, it 
would be necessary to evaluate the extent of the secondary 
reactions, the most important of which would be abstraction from 
the product episulfide, for example, s(3P) + CHAS —- Sei + 


CHa. Although there was some evidence from relative rate studies 
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that this reaction was extremely fast, the rate parameters had to 
be determined on an absolute basis. 

The reaction of sulfur atoms with oxygen was investigated 
because of its importance in the oxidation of sulfur compounds at 
higher temperatures. Another purpose of this investigation was to 
evaluate the importance of oxygen contaminants in other reaction 
systems studied. At the outset of this investigation, two conflict- 


Jeers Tor this reaction existed in the literature and an 


ing rates 
additional investigation was therefore essential. 

Since nitric oxide is used as a radical scavenger, a 
study of the kinetics of the reaction of sulfur atoms with nitric 
oxide would be of great interest. The extreme efficiency of the 
reaction of nitric oxide with various other atomic species had 


already been established, and the extension of these studies to 


sulfur atoms was considered to be a worthwhile endeavour. 
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CHAPTER il 


EXPERIMENTAL 


1. Vacuum Systems 


A conventional high-vacuum system, constructed of 
Pyrex and evacuated to ie torr by a two-stage mercury diffusion 
pump backed by a Welch duoseal model 1402 mechanical pump was used 
for the preparation and handling of gas mixtures. Parts of the 
system were connected by glass high-vacuum stopcocks, and Hoke 
helium-tested, teflon seated valves were connected to the mixture 
chamber, where long duration exposure to the mixture occurs and 
greater control of gas passage is required. This assembly was 
linked to the reaction cell via a helium leak-tested Nupro 
valve, facilitating removal of the cell. Pressures in the system 
were monitored with a Pirani vacuum gauge, type G.P. 140, and a 
McLeod gauge. Absolute measurements were performed with mercury 
manometer, a type 77, M.K.S. Baratron pressure meter and a gas 
burette, which also served to check the reliability of the 
Baratron. 

For the evacuation and filling of the lamp system, a 
mercury-free line was employed, consisting of a three-stage oil 
diffusion pump backed by a Welch duoseal, model 1402, mechanical 
pump and operating at less than ii torr. ‘Gas pressures were 
monitored with a Pirani vacuum gauge. Pressures within the lamps 


were measured by a Wallace and Tiernan absolute pressure gauge. 
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2. Materials 


The materials used, their sources and modes of purifi- 
Cacion aneslistedsin lable [l=1.. The Phillips reagents are 
supplied at purities exceeding 99.9% (research grade). All 
condensable gases were subjected to repeated freeze-pump-thaw 
cycles at liquid nitrogen temperatures. The purity of the 
deuterated acetylene was checked by mass spectral analysis. 


Trans-2-butene episulfide was prepared *?7>?-° 


by 
heating the carbonate ester with an equimolar amount of potassium 
thiocyanate and recovered by distillation. The trans and cis 
isomers were separated by g.c. on a ten foot tricresyl phosphate 


column. 


Jam lass PNOLOlYS1Se apparatus 


The apparatus (Figure II-1) consisted of a quartz 
reaction cell, 17.6 cm long and 1.9 cm in diameter, positioned 
parallel to the limbs of a U-shaped flash lamp inside a thermo- 
Stated, aluminum lined, oven housing. An aperture at each end 
of the housing allowed passage of light from the flash spectro- 
scopic lamp (spec lamp) at one end to the vacuum ultra-violet 
spectrograph at the other, via the necessary optical components. 
The apparatus was connected to a charging and firing circuit, a 


delay system, and a monitoring system. 
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a) Optical System 


Since the experiments require monitoring of the spectrum 
in the vacuum ultraviolet, the complete optical path from the 
Spec lamp to the spectrograph had to be sealed and evacuated. The 
connection from the spec lamp to the cell was machined from rulon 
(maximum operating temperature ~ 250°C), fitted with viton-A O-rings 
(maximum temperature ~ 370°C), to prevent electrical discharge of 
the spec lamp through the cell assembly. The connection from the 
cell to the spectrograph was of brass with viton-A O-rings (Figure 
II-2). The end windows of the cell were fitted inside these com- 
ponents, permitting complete removal of the windows for cleaning 
purposes. LiF and suprasil were employed as window materials. 
Suprasil is far less prone to stress damage, however it can only be 
employed down to ~ 160 nm, whereas the transmittance of LiF extends 
far into the vacuum ultraviolet (Table 11-2). 

The optics were of a single lens design with the lens 
(LiF) located between the cell and the spectrograph. 

Two types of spec one were employed, a conventional 
capillary discharge lamp or alternately a Garton type lamp. Both 
lamps gave sufficient intensity, under proper conditions, to per- 
mit a spectrum to be obtained from a single flash. 

The flash photolysis lamp (photo lamp) used was of a novel 


U-shaped design, as shown in Figure II-3, and was operated under two 


sets of conditions, Photo 1 and Photo 2, the resultant profiles of which 


are shown in Figure II-4. The shortest delay times used were 40 usec 
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TABLE II-2 


Window Materials? 


Material Ly eae 
eve ] 
CaF, (synthetic) 3 
Sapphire (synthetic) 075 
Suprasi | ] 
Quartz. 6 lea rerused 10 
Quartz, crystal 10 
Vycor 791 ] 
Vycor 790 Z 
Corex D 1 
Pyrex (Corning 774) 1 
Window Glass (standard) ] 


Wavelength (nm) 
for 10% Transmission 
LOG 
122 
142 
eS 
Iz 
186 
212 
254 
250 
280 
307 


2 9.G. Calvert and J.N. Pitts, dr., Photochemistry, John Wiley 


ancesonss Inc... New York, 1966; p. 748. 


50 


i 
‘ a7 
rhe ol 
I 


Aeters 7 
ue 


a | == Fi aeapat 


( iv rs RAT be nly xd ari 


nwa? weal 1 0" a bart W if 


~ — : 
raft i = 
C 
f t i ; i 
i 
ra i 
iSi>) if 
. 
- re 
. ; : 
es | 
e ‘ wha 
- J 
, Gi " i 1 ‘ 
the, > f Pare ve 
ran : ; ; 
:9o-* hee arene tt a ar se ae 


wike m7 eal bre at ® be + Os ] Sig, ‘ 


a ‘ 


+ it ee 
; j i } ; bei ay r - Digs 
i 7 Us cee [is 
eee ens Sh 
; ; , .. a 
. 


FIGURE II-3: 


Lamp-cell symmetry 


5] 


SIGNAL (Volts /cm) 


FIGURE I1-4: 


PHOTO 1 - 10 Kv, 30,F 
PHOTO 2 - 15 Kv, 15 pF 


20 30 40 50 
TIME (psec /cm) 


Dependence of Flash Profile on Capacitance 
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for Photo 1 and 25 usec for Photo 2. The data pertain- 
ing to the various lamps are tabulated in Table II-3. 

Spectra were recorded over a 40 nm range from 160.0 - 
200.0 nm, using a 1M, McPherson 225, normal incidence, vacuum 
instrument fitted with a 30,000 grooves/inch grating, pro- 
viding a dispersion of 0.83 nm/mm. Spectra were recorded on 
Kodak S.W.R. film or Kodak special type 101-01 film, which was 
developed for four minutes in Kodak D-19 developer at half 
Strength. Subsequently, graphs were produced by a Joyce- 

Loeb] double beam recording microdensitometer. 

The light from the spec lamp was focussed on the 
entrance slit of the spectrograph by a LiF lens. The focal 
length of the lens was experimentally determined. The position 
of the image of a pin used as object was located, varying the 


lens to object distance. Using the formula 


where U is the distance of the object from the lens, V is the 


distance of the image from the lens, and f is the focal length of 


the lens, one can easily find the focal length from the plot of 


] 
U V 


= V, The average f value found from the intercepts was 9.5 cm. 
However, this is the focal length of the lens as determined in 
thervisible reqron. Since (LiF) =< 1745-ate700 nm and only 


97 
me le4O0at 600 nm Yard 


— versus | (Figure II-5) since the intercepts correspond to U = f 
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FIGURE II-5: Reciprocal of Object Distance versus 


Reciprocal of Image Distance from the 
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Since the distance from the lens to the entrance slit 


was 10,4 cm, the spec lamp was placed 47.3 cm from the lens. 
b) Housing 


The insulating housing was constructed of transite, 
lined on the inside with a layer of aluminum to ensure uniform 
heat distribution. The heating elements ran the length of the 
housing, co-axial with and surrounding the cell-lamp assembly and 
were connected to either an Ohmite variable transformer (Figure 
II-6) or an A.P.I. model 226, 2-mode solid state temperature 
controller. The temperatures were monitored via iron-constantan 
thermocouples connected to a Leeds and Northrop potentiometer. 
After each photo flash, temperature restabilization was allowed 
to occur and was checked, before proceeding with the following 


photo flash. 
@erelectrical 


A typical flash photolysis circuit was employed. The 


capacitors were charged to selected voltages. The 
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closing of a microswitch fired an ignitron, whose breakdown 
causes the capacitor to discharge through the photolysis lamp. 
Wecomein this circuit caused the firing pulse ctovactivate 

the delay generator which fired the ignitron of the spectroscopic 
lamp circuit after a preset delay. The firing of the first 

lamp also triggered the oscilloscope, initiating a horizontal 
Sweep which recorded photo and spec lamp discharges as sensed by 
a photocell to check the set delays. A simple schematic repre- 


sentation of this system is shown in Figure II-7. 


4. Operating Procedure 


The mixtures were prepared in a three litre vessel 
using a mercury manometer for the measurement of large pressures, 
> 10 torr, (diluent gas) and a Baratron gauge (or alternately, a 
gas burette) for small pressures. The mixture was then allowed to 
stand overnight to ensure homogeneity. Aliquots were then taken 
directly into the reaction cell, using a mercury manometer to 
check the total pressure. In a typical run, the 3 litre bulb 
contained 600 torr of gas and the reactor cell contained 200 torr. 
After each photolysis flash, the cell was immediately evacuated 
and a fresh mixture was introduced for a subsequent flash. Employ- 
ing this technique extended the life of the cell between cleanings 
and kept the change in optical transmission of the cell during a 


run to a negligible level. 
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CHAPTER III 


THE, FEASH LPHOPORYSIS SOF 
CARBONYL SULFIDE 


A. Results 


To study the reactions of SCE da) atoms, a suitable 
source of atomic sulfur must first be developed. It has been shown!” 
that photolysis of carbonyl sulfide within its first long-wave 
absorption region produces CO, s('p) and possibly 5(°P) atoms in 
the primary dissociative step. Since s('p) atoms can be readily 
deactivated to the ground SCR a) state in the presence of 
inert gases, it appeared that COS would be an excellent source 
compound for the investigation of the reactivity of sulfur atoms 
and a study was therefore undertaken to establish whether it ful- 
fills the various requirements of the technique presently employed. 
Areas examined were the relationships between experimental obsery- 
ables and the sulfur atom concentration, the distribution of the 
concentration over the Gea) levels, and the mode and kinetics 


of the disappearance of the atoms in a system free of reactants 


other than those required for initial 8(°P, 1 0? production. 
1. Experimental Beer-Lambert Coefficient 


If one is to monitor s(°P, 1 9) atom concentrations, the 


correlation between concentration and microdensitometered peak 
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heights must first be established. Therefore, the experimental 
Beer-Lambert Coefficient waS determined for this system. This 
variable is part of the empirical relationship between optical 
density, 0.D., measured on a photographic film, and the experimental 
parameters which are the concentration of the absorber, c, and the 


path length, 1, giving the equation’ !, 


0.D. = k(cl)” 


where y is the Beer-Lambert Coefficient, and k is an empirical constant 
which includes e’ and plate contrast. For broad molecular absorption 
bands in solution, the Beer-Lambert Coefficient is unity, and the 


equation can be simplified to 


0.D = kcl 


However, for atomic lines and sharp molecular bands in 
the gas phase, the value of y is often less than unity, and for 
an atomic line, one would expect a value of 0.5, due to the in- 
ability of the spectrograph to resolve a sharp atomic spectral 
Jimeseelistullysresolved, y fora Spectrum is Unity; if fully 
unresolved, y equals pelts 

The Beer-Lambert Coefficient for a particular absorbing 


system can be determined by several independent methods, two of 


which will now be described. 
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a) Cell Length Variation 


In this method, a mixture is flashed in a fully exposed 
cell and then in a cell which is partly covered to produce a lower 
absorbing path length. In replicate experiments, the covered 
portion should be varied over the length of the cell to eliminate 
possible systematic errors. For fully exposed and half covered 


cells, the expressions for absorbance are 


OD =k (c1)Y 


it 
= 
-—_—_— 
Q 
a 
—! 
“— 
= 


0.D. 


respectively. Thus, 


for a particular concentration, c. If these measurements are per- 
formed at different concentrations, then the slope of a plot of 
0.D.° vs OSD, will ,be an Typical results are shown in Figures 
11I-1,2, from which y = 0.5 4 0.1 for both the °P, and “P, 
absorptions. The concentration of sulfur atoms was varied by 


changing the delay times at which the sulfur atom was monitored. 


Aetyoical mixtune of Os) torr COS in) 200) tory of C0. was used. 


b) Flash Energy Variation 


The value of y can also be determined by the correlation 


of peak height, P.H., with flash energy. It is assumed that the sulfur 
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O.D. (arbitrary units) 
FIGURE III-1: Optical Density from a fully exposed cell, 


0.D.°, versus Optical Density from a half 


exposed cell, 0,D., tor s(°P.) PSOE ane 
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atom concentration changes linearly with flash energy which is 
varied by changing the charging voltage of the capacitor. The 
sulfur atom concentration should therefore vary as the square 


of the voltage, since 


where E is the dissipated energy, c is the capacitance of the 


capacitor, and V is the charging voltage used. Thus 


Pats ee [s(7,)] erre iC 


or Bas 9 


where P.H, is the experimentally determined peak height. 
As shown in Table III-1, this method gives a value for 


y which is in agreement with the previous technique. 


3 
2. Population of the P 


Dae States 
, P 3 3 
The monitored absorptions occur at 180.7( Po > S,), 
182.0(°P, > ae and 182.6(°P, = a) nm. The ratios of the 


absorption intensities for the three states were determined by 
measuring the peak height ratios at various delay times and flash 
energies. The results are tabulated in Tables III-2, III-3 and 
II1-4, from which the following absorption intensity ratios were 


determined: 
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TABLE III-] 


Determination of the Beer-Lambert Coefficient 


by Variation of the Flash Energy 


al zl Substrate 0.0. ($"P) ¥ 
2 2 Ratio 

ses) leoz Ethylene i256 0.68 
lise doc ]-Butene-] 1231 0.4] 
1.50 (ef) Trans -2-Butene 1.46 0.47 
T2236 1.86 Isobutene Us Sh 0.44 
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TABLE ITI-2 


. 


Determination of the s(°P,) to S( P.) 


Peak Height Ratios at 5.5 kV : 


h Sisk cm h SC cm ES (she yas te) 
Shes 2509 Bre 
BOD 1.60 3.47 
Sree) 1230 4.38 
AOD ee) 3201 
4.65 0.95 4.90 
3.80 eS Oro 
ae 1Ds) 0.65 4.69 
Sgl5 0265 4.85 
S300 0.65 5.47 
4.55 1.00 4.55 

ave. 4,33 4 OF70 


2 P(COS) = 0.11 torr; P(CO,) = e2UGh ton. 
Photoflash voltage = 5.5 kV 


s h = height of microdensitometer trace 
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TABLESULI=3 


Determination of the s(3p to ae 


9) 
Peak Height Ratios at 9 kV : 


Bee h Spy cm h s(°P,)? cm ES HES a) 
47 10%35 2500 | 4.14 
7] 35) 2.00 4.78 
88 Se P60 5.01 
110 7.45 185 3.82 
Use 6.65 150 4.43 
153 4.75 LAN 4.32 
172 4.60 1.00 4.60 
197 4.45 ied Sa 
214 Sid AD 0.85 4.35 


2 p(cOS) = 0.1 torr; MG) = Waal wane 


PCO) p= 5/) tore: P(A.) = Wiles quayarer 


9) 
Photoflash voltage = 9 kV 


: h = height of microdensitometer trace 
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TABLE III-4 
Determination of the s(°P, ) to s(°P)) 
Peak Height Ratios 
he (3p We ee. sai horseaee he 
“eee S159) Sy) aca 
3,20 1.05 3.05 
3.10 1.00 3410 
2.75 0.75 3.66 
2.80 1.00 2.80 
2.90 0.90 Bee? 
3.10 0.95 3.26 
3.00 0.80 3.65 
2.80 1.05 2.67 
3.00 0.90 8133 
2.75 0.90 3.05 
227.0 0.60 4.50 
2.65 0.90 2.95 
2.35 0.60 Beo7 
2.25 | Oye 2.65 
20 0.70 3.00 
2.40 0.80 3.00 
2.30 0.70 3.28 
2.60 0.95 2.74 
ave poecl a Os? 
Se CaS tk Witorraer (G0) 200) tori 


b 


Photoflash voltage = 9 kV 


h = height of microdensitometer trace 
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=) Adee ee care: al 


under the experimental conditions employed. Since the s(°P,) 
absorption is dominant, as shown in the microdensitometer trace 
of the three absorptions, Figure III-3, most of the quantitative 
data were obtained by monitoring the 180.7 nm line. However, 


some quantitative data were also obtained from the Se 


Pa) 
absorption line and were found to be in good agreement with the 


data derived from the s(°P,) absorption measurements. 
3. Estimation of Absolute s(°P, 1 0) Concentrations 


Two techniques were used to obtain an estimate of the 


absolute sulfur atom concentrations initially formed by photolysis: 
a) Variation of the Extent of Decomposition of COS 


The intensity of the COS absorption spectrum was 
monitored in the wavelength region 173.0-178.5 nm aieCOse Baa 
mixtures after subjecting the mixtures to a number of photolysis 
flashes ranging from 0 to 10. The Beer-Lambert Coefficient for all 
the wavelength regions analyzed was assumed to be unity. This 
approximation is probably valid since the absorption is almost 
continuous. The results are given in Table III-5 and Figure III-4 
and yield an efficiency of decomposition of ~3% per flash. For 


0.1 torr of COS, the initial S atom concentration was therefore 
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FIGURE II1-4: 


4 7 
NUMBER OF FLASHES 


Depletion of COS by Photolysis Flashes 


PUCOS)s = O21 torr ear = 200storr. 


ig 


b) Measurement of CO 


Alternatively, the CO produced after flashing 0.1 torr 


COS in 200 torr C0. was measured quantitatively. All condensibles 


from a mixture flashed 6 times were removed by a solid nitrogen 
trap and the remaining gas was measured in a gas burette. For an 
average experiment, the pressure of CO in the cell was found to 
peneese 10 ceturr ores 18 torr per flash. 

Since the results of the two different methods are 
compatible, it can be concluded that the concentration of sulfur 
atoms initially produced in the flash photolysis of 0.1 torr COS 


Ag Oe ae) alah eee 


4. Decay of s(>P) 


In order to use COS as a sulfur atom source for rate 
determinations with other substrates, a knowledge of the rate 
of decay of 5 (2p) atoms in COS alone was necessary. It was 


found that in either COS + CO, or COS + Ar systems, the sulfur 


2 
atoms disappeared over a millisecond time scale. Plots of 


[s(7P,)] versus time were linear, as illustrated in Figure III-5, 
indicating a first order mode of decay. First order decay rate 


onto 10° sae were obtained in the 


Gonsvants oT I iexel0 
presence of C0, and Ar respectively. To minimize the relative 
importance of this decay in rate determinations with other sub- 
strates, the total first-order decays were thereafter usually 


adjusted to a rate of 1 to 2 x 10° age relegating this portion 
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of the decay to ~5-10% of the total. Appropriate corrections were 
then applied to the observed rates of decay in the presence of 


other substrates. 
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DISCUSSION 


In order to evaluate the results, it would be useful 
at this point to recall the known sequence of elementary steps 


occurring in the photolysis of COS: 


cos + hy 12200_nm) . eg y s('D,) [1] 


S( D5) + COS -~— > C0 + S» 2] 
s('D,) + cos ———> s(3p, , 9) + cOs* [3] 
] Re eas bes 3 
S( D..) i C0., >a Si Po 1,0) + C0..* [4] 
3 
S( Po 1,0) + COS ——> CO + S5 [5] 
3 
2S( Po 1,0) + M > So + M* [6 | 
3 
Si Po 1,0? He diffusion [7] 
The photolysis of COS produces predominantly s('D,) 
species. In the absence of an efficient quencher, s('p,) reacts 
rapidly with COS to form S5 with a rate kK. Stl xe el 1/mole sages! 


However, it has been demonstrated that CO, is an extremely 


efficient quencher of s('d,) and that s('p atoms would have a 


9) 
half-life of approximately 0.01 usec in 60 torr of C0., Since 
Weibe et al°° have shown that k, = kj. The half-life of S('D,) 

in the presence of 200 torr of argon would be ~0.1 Temes Hence, 
at the pressures used in this work, the s('p,) atoms are almost 


entirely quenched to the ground state, at a rate considerably 


faster than would be experimentally observable. Another reactant, 
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present in concentrations much smaller than that of C0. , would 


remove only negligible quantities of s('D,) atoms, even if the 


reaction proceeded with unit collision frequency. Thus, the 
photolysis of COS in a 10°-fold excess of C0, (or Ar) provided 
a "clean" source of SGP 54495) atoms on the time scale used in 
this study. 


In view of the fact that the total rate of decay of 


s(°P, 1 0) atoms was assumed to be equal to that of either the 


5 (3p or the s(°P, ) atoms, it is important that the three 5 (7p) 


>) 
States be in thermal equilibrium during the course of the measure- 


ment. Donovan and de Mane have noted that this is not the 


case during the formation stage. However, under our conditions, 


3 


the Soe s(°P,): S(~P.) peak heights ratios were found to be 


0 
14.1:3.2:1, independent of reaction time. The following equation 
(see appendix 1 for derivation) 
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=e sn sm 

e A Pole 
where E is the energy of the state n above the ground state m, A is 
the transition probability for emission, P.H. is the micro- 
densitometered peak height and y is the experimental Beer-Lambert 
coefficient, gives the relationship between the thermalized pop- 
ulation distribution and the experimental observables. The energy 
levels for the 1 ap and BPR states of sulfur are 0, 1.14 and 


1.64 kcal mole”! respectively. Furthermore, the emission transition 
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99-101 8 


probabilities 
3 
(3 


for these three absorptions are 4.0 x 10 
Po=>>Sy)s 2.3 x 10" (°P, > 7s,) and 7.2 x 10” (5p. 95,) eck! 
Solving the above equation for p/P, and irae the value of 
vase calculated to be 056 for “both cases. Since this is in 
agreement with the experimental value of 0.5 + 0.1, it is con- 
Cluded that the sulfur atoms exist in a thermalized distribution 
which is not disturbed during the progress of the reaction. The 
designation s(°P) will henceforth refer to thermally equilibrated 
metastable states. 

The relative efficiencies of reactions [5] and [6] will 
depend on the conditions used, namely the relative concentrations 


@ le-<9 at high flash intensities 


of S(~P) and COS. Previous studies 
and high COS pressures have indicated that the 5(°P) atoms gener- 
ated in these systems probably decayed by a recombination process 
rather than by the abstraction reaction [5]. However, under 
conditions of low light intensity?° in conventional photolysis, it 
has been shown that the dominant mode of decay of 5(3P) atoms was 
via the abstraction reaction [5]. Unfortunately, absolute sulfur 
atom concentrations were not monitored and therefore the order of 
the sulfur atom decay reaction could not be determined. 

In the present system, the decay of 5(>P) atoms followed 
first order kinetics and reproducible rate constants were obtained. 


At a sulfur atom concentration of ete moles litre’!, an improbably 


1 eee 2 


high rate for reaction [6] of ~2 x 10. 1° mole. sec i vouldibe 


necessary in order for the recombination step [6] to contribute 
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Significantly to the observed decay rate and therefore the impor- 
tance of this step can be discounted on kinetic grounds as well. 
Step [5], abstraction from COS, is a pseudo-first order 
reaction provided the concentration of S atoms is small relative 
to that of COS. If this reaction constitutes the major mode of 
sulfur atom decay then the experimentally measured decay rate 


3 = 


ool lexis asec oa. 1S4related to Ke by 


k = k- [COS] 


At 100 torr COS, kg = 1 x er paola! earl Mawes ote 5 


experimentally measured value of Ke US ecole 10° ] mote Sec. 


in the presence of argon and this is two orders of magnitude 
smaller than the value derived above. It must be concluded then 
that abstraction from COS is not important in the present system. 
Reaction [7], diffusion from the reaction zone, would 
be difficult to evaluate directly unless a complete investigation 
were undertaken of the total reaction mechanism. However, an 


approximate formula has been developed for molecular diffusion in 


a cylindrical reaction mesgan ls 
tug Bay Da 
oh Gia q° 


where Dy is the diffusion coefficient, d is the reactor diameter and 


k is the diffusion rate. The diffusion coefficient, Dn» can be 


alalaiig 
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and X, the mean free path, can be calculated from 


] 
oné<r 


In this expression, 6 is the collision diameter, r is the concen- 


tration, in molecules ae! and M is the molecular weight. Using 
18 ] 


the values 6 = 3.75 A, r = 6.4 x 10° molecules cc. ', M = 32.066 


g/atom and T = 298°K, 


7 -] 
Kare = 10 Sec™. 


Although the expression for Katt is based on several approxi- 
mations and assumptions, it is probably correct within an order 
of magnitude and it seems likely therefore that diffusion does 
not play an important role in the overall decay process. In any 
case, diffusion always follows first order kinetics and it would 
be an additive component of the overall decay. Under conditions 
of much lower lamp eeneitices Caer was obtained by extra- 
polation of a decay rate versus COS concentration plot and the 


] 


value obtained, ~25 sec at 298°K, is in satisfactory agreement 


with the above estimate. 
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Two other possibilities for sulfur atom decay exist 
which would formally follow first order kinetics: 


1. Catalyzed recombination of sulfur atoms, 


Se CO, —>- (S-CO.) a 


Seno C0) = C0, eo ED 


is 2 


where kK. == Kh However, the overall decay rate should be 
pressure dependent and there are indications !°4 that this is 


not so. 
2. Reaction with Sy intermediates 


Sy So — 533 S\ Sr Sq eee S53 etc. 


Although So - S3 intermediates are present in photolyzed COS, 
it is impossible to assess their concentrations or reactivities. 
What is known with certainty is that they are totally unre- 
active towards ground state molecules and decay solely by 
cross-combination and/or reactions with radicals. Provided 
the rates of addition of S-atoms to all these species are 
comparable and the relative total concentration of S5 - S5 
Species is unchanged during the course of the reaction, then 
this mode of decay would follow first order kinetics. 
For rate measurements with other substrates, it is 
important that the first order rate of decay of sulfur atoms be 


small relative to the rate of reaction with the substrate. In 
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order to achieve this, the concentrations of added substrate were 
kept as large as possible, within the limitations imposed by other 
experimental considerations. Thus, the first order rate constants 


“ 


usually obtained were in the range 1-2 x 10 sec | Since the 


sulfur atom concentration is ~107” mole litre’!, a reactant con- 


| (.04 torr) would result in a 


centration of ~2 x 10°© mole litre” 
depletion of ~5% of the initial reactant concentration, allowing 
the assumption of constant reactant concentration to be applied 
when calculating rate constants. If this were not the case, 
curvature of the first order decay curves would be expected. In 
those cases where the bimolecular reaction with a substrate pro- 
ceeded at a rate apprcaching the collisional efficiency, requiring 
the use of smaller quantities of reactant, the concentration of 
5(°p) was kept as low as possible within the region of measurable 
intensities. Curvature of the first order decay plots was never 
observed in any system reported in this study, thus implying that 


simple second order kinetic treatments could be applied to the 


experimental data. 
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CHAPTER IV 


¢ 


THE REACTION OF S(~P) ATOMS 


WITH MOLECULAR OXYGEN 
A. Results 


The rate of reaction of 5 (3p) atoms with molecular 
oxygen was investigated as a function of 5(°p) concentration, 
oxygen pressure, total pressure, and flash energy. Since SO is a 
plausible intermediate in this system, auxiliary experiments were 
undertaken in order to identify and monitor the kinetics of form- 


ation of this species, 
Poe kKineticssor Decay of 5 (2p) Atoms 


Initially, the rates of decay of both the See and 
s(*p,) atoms were monitored at various partial pressures of oxygen, 
maintaining a constant COS pressure of 0.1 torr and a total 
pressure of 200 torr. In all cases, the rates of decay followed 
first order kinetics. A typical decay plot of log ES) versus 
time is illustrated in Figure IV-1. Furthermore, the decay rates 
3 


9) and S( P,) states were identical, within experi- 


mental error, indicating that the three metastable ground states 


3 (3p) 


for the s(3p 


maintain a Boltzmann distribution. Both the S(~P.,) and S 


9) 


absorption intensities were used to calculate decay kinetics. 
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he 0, Pressure Study 


The effect of a five-fold variation in 0, pressure on 
the first order decay rate was examined. Increasing the oxygen 
pressure from 0.06 to 0.29 torr (Table IV-1) caused a considerable 
enhancement in the rate of removal of atomic sulfur as illustrated 
in Figure IV-2. Since it was demonstrated in Chapter III that 
the decay of 5 (3p) atoms is first order in the absence of sub- 


strate, the observed first order decay in the presence ole 0, must 


consist of two contributions: one corresponding to the observed 


rate of decay in pure COS/diluent, the rate constant of which is 


3 =| 


1.1 x 10° sec and one corresponding to reaction with 0: 


- © = k,[0,] [8] + k, [3] 


where kK is the bimolecular rate constant for reaction with mol- 
ecular oxygen and ko is the decay rate constant in the absence of 
substrate. Therefore, the net experimentally observed first order 


rate constant, k for the decay of 5 (3p) atoms obtained at 


exptl ’ 


a given concentration of 0, would be 


k = k,[0.] + kK. 


expt] 


The slope and intercept of a plot of k versus molecular 


exptl. 


oxygen concentration, Figure IV-3, should yield ky and Kos re- 


spectively. The intercept 1.0+0.3 saa ecu is in good agree- 


ment with the value k, a7 lhe ha. 10° see | obtained by direct 
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TABLE IV-1 


Effect of Oxygen Pressure on the Rate of Decay 


of S(°P) Atoms 


—_—_—_— 


10°[0,] sO No. of 10" Kexptl 
(mole/liter) | monitored Prue (sec!) 
0.33 °P, 4 I = 
0.33 P, 2 an 
0.67 °P, 2 Weel: 
0.69 19) Tone 
0.99 ot 4 1.80 4 
0.99 1 ean © 
et as 4 Peed 
1.38 °P, 4 ue 
1.38 °P, 4 Avis 
1.55 °P, 3 ies © 
Sere O sae nie corrse (CO) 200) corr. 

> P(COS) = 0.05 torr; P(CO,) = 30 torr; P(Ar) = 70 torr. 


© p(cOS) = 0.1 torr; P(CO 60r torre 


9) 


B(COS) = Onl torre. PCO GON tonyeeep in) = l408tory. 
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measurements (cf. Chapter III). From the slope, k, = 1.7 + 0.2 


] 
9 -] - : : 
| mole sec Ue The good linearity obtained in this plot 


x 10 
and the nearly identical values of ky derived from the intercept 
and from direct measurements support the assumption of an 
additive relationship between the two contributions to the rate 
of decay. 

The range of molecular oxygen concentrations which can 
be used in this study is limited by instrumental design. The 
minimum useable delay time of the apparatus was 40 usec, and the 


decay rate must be sufficiently slow so that the bulk of s(° 


Py 

atoms were still present in the system in order that absorption 
spectra of sufficient intensity for quantitative measurement could be 
obtained. The maximum first order rate constant for this require- 
ment was < 2.7 x 10° sae corresponding to a maximum partial 

oxygen pressure of 0.29 torr. On the other hand, the minimum 0, 
concentration which can be used is limited by the fact that the 

total observed decay rate must correspond to a predominant (2 80%) 
contribution from Ky: i.e. reaction with 0,. Therefore, oxygen 
pressures were kept in the range 0.06 to 0.29 torr, giving first 


order rate constants of 0.66 - 2.66 x 10" een 


3. Effect of Total Pressure 


The effect of total pressure on the bimolecular rate 
constant was examined over the pressure range 60 - 200 torr. From 


the data given in Table IV-1 and Figure IV-4, it is seen that the 
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rate constant is unaffected by total pressure. It should be noted 
that below ca. 50 torr pressure, the extent of pressure broaden- 
ing of an atomic line is not very large. Under these conditions 
the atomic absorption line is relatively narrow and since the 
resolving power of the microdensitometer is a direct function of 
the width of the line, the instrumental response is insufficient 
for quantitative determinations. This limitation only applies to 
the case where atomic lines are monitored. In the present system, 
it was found experimentally that ca. 50 torr C0. is the lowest 


Practical linn. 
4, Effect of Flash Energy 


The effect of flash energy on the second order rate 
constant was examined in the range 3 - 9 kV. The results are 
illustrated in Figure IV-5. No significant variation in the rate 
constant with flash energy was observed. This result is important 
for several reasons. Firstly, it indicates that the results 
obtained are independent of the sulfur atom concentration used, 
Since the flash energy, E, and the concentration of sulfur atoms 
produced are related in a linear manner over a limited energy 


range: 


where C is the capacitance of the capacitor and V is the charging 


voltage at which the unit is operated. Secondly, the lack of a 
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flash.energy dependence indicates that the photolysis of substrate 
can be neglected as a complicating factor in the reaction mech- 
anism. This is important since molecular oxygen absorbs weakly 
above the quartz cut-off of the cell. Thirdly, and most import- 
antly, if secondary reactions contribute to the overall rate of 
decay then some variation should be observed at high flash energies 
where larger concentrations of transients are produced. The lack 
of such an effect indicates that the measured rate constant of 
decay can be identified with the primary reaction of 5 (3p) atoms 


with 0.. 
5, Observation of the SO Spectrum 


At the usual concentration of COS employed in the 
kinetic studies, ca 0.1 torr, SO could not be detected. However, 
when the COS pressure was increased to 0.3 torr, the (14,0), 
(152095 016.0) e (1/20 )5 (e051 1950) sand (21 0)abands of the 


ea 105 


xy system of SOQ could be observed weakly in the 
region 195.0 - 204.0 nm (see Table IV-2). Quantitative measure- 
ment of the kinetics of SO formation was not possible due to the 
low intensity of the bands, but qualitatively at least, the rise 
in the SO concentration appeared to correspond to the decay of 
atomic sulfur. 

A very weak, diffuse band centered at 183.15 nm was 
observed in flashed COS(0.1 torr) + 0, + C0, mixtures. Its 


intensity increased during the period of the sulfur atom decay. 
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TABLE IV-2 


Band Head Assignments for the 


3 


Rpm esas cians 0. 


ton Band Head Relative 


a Avac (nm) Intensity 
0,0 : : 
1,0 4 : 
2,0 : : 
3,0 231.46 3 
4,0 228.34 3 
5,0 225.32 5 
6,0 222.47 5 
7,0 219.76 6 
8,0 216.93 6 
9,0 214.43 7 

10,0 2 [OV 7 
11,0 209.75 8 
12,0 207.48 9 
13,0 205.34 9 
14,0? 203.34 9 
S02 201.36 10 
ie 199.70 8 
leo 2 198.37 5 
18,0 P 197.55 nl 
19,0 ° 196.72 3 
20,0 195.97 4 
ee (ee 2 
22,0 194.48 3 


/continued.. 


TABLE IV-2 (continued) 


pean Band Head Relative 


ape vac (am) Intensity 
Lon 193.81 3 
24,0 193.24 3 
25,0 192.74 3 
20,0 T9256 ] 
EMERY 191.67 ] 
20,0 OesS ] 
2930 190.92 ] 


2 from reference 105 


b monitored in this work 


With 0.3 torr COS, additional bands centered at 183.8 and 184.4 nm 


were observed. These are the most intense bands of a set of six 


which McGarvey and McGrath! 0° attributed to an isomeric form of 


S0,- However, this assignment has been questioned by two inde- 


106,107 


pendent groups of workers , who concordantly suggest that 


the band system in fact is due to the el oe x? 


® transition of 
the SO molecule. The band head assignments are tabulated in 


Papi Gmiy= 3: 


oa 
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TABLE IV-3 


Band Head Assignments for the 


hone oyaons Trancation dweso.? 


n Band Head 


vac (nm) 


184.30 © 
0,0 183.84 © 


183.20 ° 


180.14 
1,0 179263 
178.94 


a from reference 106 


b monitored in this work 
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B. DISCUSSION 


The spin and symmetry allowed reaction of ground state 


°P, 1.0 Sulfur atoms with molecular oxygen 


3 


s(3p) + 0 57) + 0(3p) C1] 


8) 


has often been postulated !9°» 108-112 


as an elementary process 
occurring in the oxidation of simple sulfur compounds. At the 
time this study was initiated, two conflicting rate constants 
had been reported for this reaction. Homann et nee using an 
isothermal flow system under reduced pressure and high dilution 
with inert gas to investigate the elementary reactions in the 


oxidation of CS, at temperatures up to 1450°K, obtained the 


relationship 


10 =| 


eed ot exp) (-s600\/RT 1 mole: . sec 


] 


in the temperature range 675 - 1090°K. But extrapolation of this 
expression to 298°K yields k, = 8.3 x Oo moleneseea which 1 
three orders of magnitude lower than that obtained by Fair and 
Thrush?<, using a discharge flow system to study the reactions 


of the system, H + HOS cf 0, in argon , who reported a rate con- 
stant value of 1.2 + 0.3 x 10° 1 mole”! sec7! at 298°K. 


We determined a rate constant value for Ky np aay? coal? 


X 10? ] ae ae This value 1S in reasonable agreement 


with that obtained by Fair and Thrush?2 and therefore the results 
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of Homann et nie appear to be in error. This has been corrobor- 


ated by the result of Klemm and Davis! !3, who recently reported a 


9 ] 


value of 1.35+ 0.14 x 10” 1 mole” sec |, using the technique of 


flash photolysis-resonance fluorescence to study the reaction in a 


COS + 0) + Ar system. In addition, a value of 1.0 + 0.2 x 10° 


1 mole?’ sec”! has been reported by Donovan and Little! !* using 
flash photolysis with kinetic absorption spectrophotometry in the 
investigation of a COS + 0, + Ar system. 

Considering the analogous sequence for the reaction of 


0(°p) atoms with Guy 


a 
Of+s05 20 
pred ec 


Tit Gene | ee corresponds 


the calculated value of kK, = 08 5¢ 10 
closely with our data on the s (3p) + 0,, system. 
With regard to the primary step, the following reactions 


are energetically feasible and spin allowed: 


See: 0, (X20) —s so(x°z7) + 0(3p) C1] 
fy See ety ae 

pes S05(X'Ay) [2a] 

oa S0,(a°B, ) [2b] 

s S0,(A'B, ) [2c] 


To date, no evidence has been found for the formation of S05. and 


it is doubtful whether reactions[2] occur at all. On the other 
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hand, the observation of the SO absorption spectrum and its 


parallel formation with s(>p) decay point to the occurrence of 


step [1] as the major primary process. This is substantiated by 


the recent study employing resonance fluorescence! !?, where it 
was possible to monitor the formation of 0(°P) atoms. It was 
shown that the decay rate of s (3p) atoms agreed with the rate of 
formation of 0(°P). Thus since both primary products have been 
observed in this system, there is little doubt that [1] is the 
reaction path followed. 

The most likely structure for the reaction complex is 


SOO and the absence of a pressure effect indicates that it rapid- 


ly falls apart to give SO and o(°P). Correlation rules predict 


nine states for this complex: three singlets, three triplets and 
three quintets. The latter would probably lie too high to be 
energetically attainable. The overall decomposition should follow 


the sequence, 


is : ipl S2Pn de sone 3p ) 


| 


Py ones 


S(sPyer On (x 2) =>) S00 


2 


50(x? 


where the dagger signifies vibrational excitation. 
To evaluate the possible complications introduced by 
secondary reaction processes in the determination of the first 


order rate constant, the following reactions must be considered: 
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s("P) + So(*s7) +M —> S04 [3] 
SC pete) eM soe Je [4] 
so(*27) + so(*z") —+ so, + (3p) [5] 
s(7p) + so(7z7) = > s,(32) + 0(30) [6] 
s(*z) + 0(°P) == —» so(z) + s(3p) [7] 


If reactions [3] and [4] were important in the overall kinetics, 
then the overall decay rate constant should be pressure dependent. 
Since this was not the case, these reactions are unimportant. 
Reactions [6] and [7] can be eliminated for two reasons: at 

the low sulfur atom concentration present in this system, the 
rates would have to be unreasonably large and secondly, reaction 
[6] is endothermic by 25 kcal mole’, The rate of reaction [5] 


he toope. lex 107 | ene gic! and therefore, this 


is reported 
process would be negligibly slow at the concentrations of SO 
present in our system. From these considerations and from experi- 
mental evidence it can therefore be concluded that secondary 
radical reactions are unimportant in the s(°p) + 0,, system. 

The reported”= activation energy of 5.6 kcal mole | 4s 
too large to be reconcilable with the present value for the room 
temperature rate constant. The maximum value of the activation 
energy consistent with this is ~ 2.8 kcal Tore if tneek TacLor as 


equal to the gas kinetic collision frequency. In addition, the 


overall] reaction, step 1, is exothermic by ~ 5.6 kcal mole, and 
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therefore would not be expected to have an activation energy 


larger than the thermoneutral isotopic exchange reaction! 6-118 


18(3p) + 18, —s V8yl6 4 16 (3p) 


which is reported to have an Ec. Of iekeale 
Very recently, it has been shown by resonance fluor- 


escence experiments |! that temperature has no effect on ky and 


therefore that Homann et al.'s scares are completely erroneous. 


This can possibly be attributed to the complexity of the reaction 
system from which the rate data was extracted. Intermediates in 
the reaction sequence which were monitored included 0, S, CS, SO, 
COS; S50, S,0, aS well as sulfur polymers Sos S35 Sa> Sp and Se: 


Gee 
Since E. = 0, the resulting low A factor can be explained via 


the formation of SOO in an end-on collision. 


The presently available absolute rate constants for the 


3 


S(“P) + 0, reaction are tabulated in Table IV-4. With the excep- 


tion of Homann et ae’. they are in reasonable agreement, with 
only the value of Donovan and ee ve lying slightly outside 
the range of our assigned error limits. 

Table IV-5 lists the absolute room temperature rate 
constants for the reaction of a number of biradical species with 
oxygen. It can be seen that the rates for ground state sulfur, 


ocehs Dee and methylene! are very similar but the rate of 


[pee 
(3 


reaction with C(~P) atoms is enhanced tenfold. It would 


: : 6) ’ 
appear that the steric limitation in the case of CiSp)Siseless 
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TABLE IV-5 


Absolute Rate Constants for the Reaction of Radicals 


and Atomic Species with Molecular Oxygen 


Reaction 


ale so(227) + 0(3P) 


169 (35 ~y—> 1816p , 16 


3 
2 g ( 


O(~P) 


>)  —> products. (COCO, .H,) 


ry) — (0+0 


2 This work 
b References 115-118 
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severe than that of the attack of 5 (3p) on molecular oxygen. There 


is also a large difference in exothermicity, this reaction being 


exothermic by 148 kcal mole", 


CHAPTER V 


THE REACTION OF S(°P) ATOMS 
WITH NITRIC OXIDE 


A. Results 


The reaction of 5 (2p) atoms with nitric oxide was 
investigated as a function of total pressure and partial nitric 
oxide pressure. The order, with respect to 5 (3p) atoms, was also 


determined. 
1S Kinetics of s(>p) Atom Decay 


The s(°P.) atom concentration was monitored in the time 
range 25-250 usec. The method of integration !@9 was used to de- 
termine the order of the reaction with respect to 5(°P) atoms. 
The first order plot of In rs(°P)] Versus time, Figuretol nis 
linear whereas if the data are plotted in the second order form, 
Figure V-2, definite curvature is evident. The reaction is 
(3 


therefore first order with respect to S(~P). 


2. Effect of NO Pressure 


The first order decay was determined over a range of 
NOvbressures from 0.025 to 0.30 tory. “Assuming that’ the’ first 
order decay in the absence of NO and the decay due to reaction 
with NO were additive, as shown in the previous chapter for the 


S + 0, system, then a correction can be applied for the decay 
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0 100 200 
TIME (ps) 


FIGURE V-1: First Order Decay Plot of In [s(°P,)] versus time. 
P(COS) =0.12 torr, P(NO) =0.10 torr, Total Pressure 


=P 002 LOr, 


0.08 


0.06 


WSOP, | (arbitrary units) 


oO 
Oo 
nN 


0 | 100 200 
TIME (pes 


FIGURE V-2: Second Order Decay Plot of 1/[S( P,)I versus time, 
P(COSIe=Onlize tories PUNO)P S020 ston se hota! 


Presstrel= 200° torr: 
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rate in the absence of NO, which has been determined experiment- 
ally (Chapter III). Thus, as the NO pressure approaches zero, 

the corrected first order rate constant should approach zero and 
this is indeed the case as illustrated in Figure V-3. The corres- 
ponding data are given in Table V-1. The bimolecular rate constant 


9 eee | 


derived from the slope of the plot is 1.6 + 0.2 x 10° 1 mol. sec 


3. Effect of Total Pressure 


The value of the bimolecular rate constant was deter- 
mined over a wide range of total pressures from 50 - 600 torr 
using C0, as a diluent. The results are tabulated in Table V-2. 
The plot of the bimolecular rate constant as a function of total 
pressure, Figure V-4, shows a very definite curvature. However, 
a linear relationship appears to hold below 100 torr and deter- 
mination of the slope over this limited range yields a value of 


ae Ce = 


ies2xXe 10 7; mollemeasec for the termolecular rate constant. 
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FIGURE V-3: 
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Corrected First Order Rate Constant as a 


Function of NO Pressure. 
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TABLE V-1 


Effect of NO Pressure on the Rate of Decay 
of s(°P,) Atoms @ 


ee No. of runs 10°? k, sec | 
070256 ] 0.39 
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0.101 2 eG, 
0.103 ] O3/7 
0.104 3 1.06 
0.202 2 216 
0.299 2 Ze 0 
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TABLE V-2 


Effect of Total Pressure on the 


Bimolecular Rate Constant e 


0, 107? x k 
uaa No. of runs (1 mol7 sec!) 
50 2 0.48 

100 4 0.97 

200 10 1.60 

400 4 2516 

600 3 S275 


2 cos = 0.12 torr, NO = 0.10 torr 
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FIGURE V-4: Bimolecular Rate Constant as Function of Total 


Pressure, 
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B. Discussion 


Basco and Pearson“? have reported that the rate of 
formation of So in CS, + Ar or COS + Ar systems is greatly en- 
hanced in the presence of small amounts of NO and suggested a 


catalytic recombination sequence, 


S$ +NO+M — > SNO+M [1] 


S+SNO  —> S, + NO [2] 


where kK << ky at low total pressures. 
In the present study, the disappearance of 5 (3p) atoms 
was found to be dependent on total pressure, Figure V-4. Up to 
100 torr, the rate was linear with pressure but above this 
region a fall-off from the third order dependence was observed. 
The relative importance of steps [1] and [2] in our 
system can be assessed in the following manner. If it is assumed 
that step [2] contributes significantly to the overall process, then 
its rate constant should be of the same order of magnitude as the ob- 


1 


served first order rate constant, i.e. k[SNO] ae sec. Since the 


concentration of $ atoms is ~ 107’ mole 17! then k, = -dS/dt/ 
[S]J[SNO] = 10! 9 mole. agent Thus, to compete successfully 
with step [1], step [2] would have to proceed at a rate very 
close to the collision frequency. This appears to be unlikely 


since the rate constant for the comparable reaction with iodine 
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Le NOs + NO 


2 


12] 3 


rae been reported to be=4-x 107" 1 holes cecae However, at 

sufficiently low pressures of NO, step [2] would be important and 
the observed rate constant would be simply 2k, . 
Assuming that the observed rates pertain to reaction [1], 


i222 


the results can be interpreted in two ways sey terms Of an 


energy-transfer (ET) mechanism: 


a * 
S + NO we ue 


é 
SNO* + M — > SNO + M M = C0, 

or a radical-molecular complex (RMC) mechanism: 
Stee M = CO 


SM 


SM* + NO SNO + M 


The ET mechanism yields the expression (see Appendix II): 


dS : dSNO kK SIENOJLM] 


oe Ge. Teer UES 
a le k, + KUM 


which is third order when kK. >> kM. From the RMC mechanism, 


which is third order when kh, >> koi [NO]. 
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Equation I predicts third order kinetics at low 


pressures and then complex behaviour at k, ~ k IM], which was 


b 
actually observed in the present system. Equation II, on the 
other hand, does not account for the pressure dependence of the 
rate constant. It can therefore be concluded that the ET mech- 
anism iS operative in the S + NO + C0, system. This is in 
keeping with the well documented role of C0, as an inert third 
body in other radical recombination reactions, some rate constants 
of which are listed in Table V-3. 

At any given pressure M, the bimolecular rate constant 


is given by 


Boke ok 
Eas M 


Kee = 
bi observed ie age y 
b c 


and a plot of 1/k versus 1/M should yield a straight 


bi observed 
line having a slope of KKK. and an intercept of I/k,. From 


Figure V-5, k, = 9.3 + 2.1 x 10” 1 mole” 'sec™! and k./k, = 20.7 + 


4.4. Thus the limiting high pressure rate constant for the S + NO 


9 1 mote” !sec™! and, at low pressures, 


Ie 2 ea 


association will be G.3ex 10 


1° mole. 


the rate can be expressed as 1.9 + 0.1 x 10 
Since kK. = KOM when the total pressure is ~900 torr, the 
lifetime of SNO* can be calculated if we assume unit collisional 


efficiency for kc: 


¢ i i 
k = de (okey ex 10"! 1 mole Sec 


Cc AB. Wt 


where dap is the collision diameter taken as 4.6 x 1078 cm and u 
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Inversesor total Pressure. 
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is the reduced mass. At 900 torr of CO 


ke Ux 19!9 ysl 


5° kh = KOM, and thus 


ky 


sec, which corresponds to ~ 1,000 vibrations (ion sec/vibration). 


This is not an unreasonable estimate when compared with the life- 


time of N,0 with respect to unimolecular decomposition which is 


5 x 107!! sec at sagcn!23, 
* 
Pod mee aM NOE Re Bee 
S Kt kt 
(e 


at 200 torr total pressure. Thus, very small concentrations of 
SNO* are present in the reaction mixture at any given time. 

The product of the primary step, SNO, could not be 
detected in this study but has been identified in other systems. 
Thus, in the low temperature matrix photolysis (“ of cis-HNSO two 
new absorptions at 1523.0 and 789.7 cm! were assigned as NO 
stretching and SNO bending frequencies respectively. Also, in 
flash photolysis-kinetic mass spectroscopy studies => of COS-NO 
mixtures, a mass corresponding to the SNO adduct was detected. 

A transient spectrum observed in the flash photolysis of CS. or 


COS in the presence of NO has subsequently been assigned to S3 


which is presumably formed in a catalyzed process’: 


M 
S$ +NO — SNO 


SNO + oi) Sa NO + S3 


This is in keeping with the proven efficiency of NO as a chaperon 


and t, the lifetime of SNO* is t= + = 1x 107 
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in atomic recombination processes, as illustrated in Table V-3. 
With NO as a third body, the recombinations of I, 0 and H atoms 
take place via a radical-molecule mechanism and the efficiencies 
are greatly enhanced. 

At this point, it would be of interest to compare the 
rate constant for the S + NO reaction with those for other 
radical and atomic additions to NO, Table V-4. In the case of 
atom addition, eg. o(?P), H(2P) and c1(2P) atoms, the third order 
rate constants are comparable and of the same order of magnitude 
to that determined for S + NO. In the case of radical addition 
to NO the intermediate adduct might be expected to have a longer 
lifetime owing to a greater number of vibrational modes and the 
observed rates should approach second order kinetics at lower 
pressures than would be the case for atom + NO systems. However, 
it can be seen that the values of these rate constants are com- 
parable to the high pressure limiting rate constant for S + NO + M. 

Because of its unpaired electron, NO has been demonstrated 
to be a remarkably efficient radical scavenger in a variety of 
systems, In many cases where monoradicals are present, stable 
isolable products can be formed. The NO-catalyzed recombination 
of atoms is equally efficient and, not surprisingly, is initiated 
by rapid addition of the atom to NO to form an intermediate adduct 
having a finite lifetime. The rate of addition is nearly equal 
to the collision frequency and thus NO is by far the most efficient 


chaperon in atomic recombination reactions. 
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CHAPTER VI 


THE REACTIONS OF S(3P) ATOMS 


WEEE EPLSULEIDES 


A, Results 


The reaction of 5(>P) atoms with ethylene episulfide 
was investigated as a function of ethylene episulfide pressure 
and total pressure. Rate constants were also determined for the 
reactions of 5 (3p) atoms with propylene episulfide and trans-2- 


butene episulfide. 


We 5 (3p) Atom Decay as a Function of Ethylene 


Episulfide Pressure 


First order rate constants were determined over a range of 
ethylene episulfide pressures of 0.009 to 0.030 torr. The data are 
tabulated in Table VI-1. By comparison of the microdensitometered 
peak heights, it was estimated that the s(7p) : CoHyS ratio varied 
between 1 : 20 and 1 : 70 in the pressure range 0.009 - 0.030 torr 
CoH,S. In this range of concentrations, linear first order decay 
plots were obtained, as illustrated in Figure VI-1. Furthermore, 
in a comparable study /28, reliable first order rate constants were 
obtained for methyl radical : reactant ratios of 1 : 22 and 


therefore the concentration ratios used in the present study are 


sufficiently large so that accurate kinetic data can be derived. 
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Ethylene Episulfide 


First Order Rate Constants as a Function of 


TABLE VI-1 


Ethylene Episulfide Concentration : 


| 


2 
Ze 


mole 1. torr 
0 0 
0.48 x 107° 0.897 x 107 
Oise 108 0.972 x 107 
1.04 x 107° 1.94 x 10° 
hee sc te 3.03 x 107 
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FIGURE VI-1: First Order Decay Plot of [s(7P,)] in the Presence 


of Ethylene Episulfide. P(COS) = 0.1 torr, 
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A plot.of St P,) first order rate constants versus ethylene episulfide 
concentration (Figure VI-2) shows no evidence of a significant 


deviation from a linear relationship. The bimolecular rate 


10 ] -| 


constant was determined to be 1.4 + 0.2 x 10 lamoles = .sec 


ee s(>p) Atom Decay as a Function of Total Pressure 


The decay of 5 (3p) atoms was determined at 100 and 200 
torr total pressure. As illustrated in Figure VI-2, no signi- 


ficant difference could be observed in the rates constants. 


3. The Bimoleculer Rate Constant for the Reaction 


a 


of S(~P) Atoms with Propylene Episulfide 


The reaction of 5(°P) atoms with propylene episulfide 
was monitored at a total pressure of 200 torr of C0, and a COS 


pressure of 0.1 torr. The average observed first order rate con- 


Stanitawas 1.07 2.0. l/l x 10° See Applying the correction for 


the rate constant in the absence of reactant yields a first order rate 


; 4 -] 
constant due to reaction with propylene episulfide of 0.96 x 10 sec 


and the bimolecular rate constant was determined to be 2.7 + 0.3 


10 


eqaler | motes ae The data are summarized in Table VI-2 and 


illustrated in Figure VI-3. 


4, The Bimolecular Rate Constant for the Reaction of 


5 (3p) Atoms with Trans-2-Butene Episulfide 


The reaction of s(P) atoms with trans-2-C,HoS was 
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TABLE VI-2 


First Order Decay Rate of 5 (2p) Atoms 


in the Presence of Propylene Episulfide 


C3H_S 


(torr) 


0,00673 


0.00673 
0.00673 


CO, COS 
(torr) Gconin) 
200 0.10 
200 0.10 
200 O10 


average 


0.97 
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FIGURE VI-3: First Order Decay Plot of Ss) Atoms in the 


Presence of Propylene Episulfide, P(COS) = 0.1 torr, 


P(CH)S) =0 0067. tart. P(CO,) = 200) torr. 
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monitored at a total pressure of 200 torr of C0, and a COS 


2 
pressure of 0.10 torr. The average observed first order rate 


constant Was ale cbse 0202. x 10° ce". and the first order race con- 


stant due to reaction with trans-2-CaHeS TS ae leer! Sox 10° sec. The 
10 


bimolecular rate constant was determined to be 4.0 + 0.2 x 10 

] mole” | seg The data are summarized in Table VI-3 and a 

typical decay plot for this reaction is illustrated in Figure VI-4. 
At 150 torr total pressure, the bimolecular rate constant 


was 4.1 x 191° ] ieee 


sae in good agreement with the previous 
value, indicating the absence of a pressure effect. 
The bimolecular rate constants determined for the 


S + episulfide reactions are summarized in Table VI-4. 
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First Order Decay Rate of s(3p) Atoms in the 


TABLE VI-3 


Presence of Trans-2-Butene Episulfide 


CaHys 


(torr) 


0.00540 


0.00540 


0.00540 


0.00405 


200 


150 


average 


O07S 


10a sec™ 
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FIGURE VI-4: First Order Decay Plot of s(2p Atoms in the 


9) 
Presence of Trans-2-butene episulfide: ©; P(COS) 


= 10), Seiden dee P(trans-2-C,H,S) SIO 0054) torr, 


P(CO») = AW) Hees es Co = Wtrin dea, Cae 


2-CyH,S) =0,0041 torr, P(CO.) Ss lo05COnr. 


13] 


1] ff 
i 
OF 
¢ 
As Al 
owe te 
Ge. * ' 
= i 
fi. . ; . 7 
, > ha Lh ; 7 aes x 
7 PY eo: 
eae aa 
a ; I a ww nes | _ 7 
(Gh jokisedy opis Tapa Ba bees 
y 7 > ; a 


ae 
No pea =u 


iu 
i a 


TABLE VI-4 


Rate Constants for Reaction of s(>P) Atoms 


with Episulfides at 25°C 


Substrate Rate (1 apie sec!) 
Ethylene Episulfide ites (Ohya i019 
: : 10 
Propylene Episulfide Colette tO 
10 


Trans-2-Butene Episulfide 4.0 + 0.2 x 10 
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B. Discussion 


Sulfur atoms react with episulfide in a spin and 


probably orbital symmetry allowed process, 


s(>p) + CoHyS('Ay) SS (Ey Sac! (‘a,) 


2 2 4 


The room temperature rate constant is very close to the collision 


frequency. The possible competing process, hydrogen abstraction 


3 ] 


S(“P) + CoH,S(A,) —> SH + C,H,S 


4 Cn 


can be ruled out since ground state sulfur atoms have been shown?” 


to be completely inert towards paraffinic C-H bonds. 

The reactions of s(°P) atoms with episulfides are of 
importance for a number of reasons. In conventional photolysis 
studies*” of the reaction of S(7P) atoms with olefins, it was 
observed that significant deviations from the expected product 
yields and relative rates took place with increasing conversions. 


This effect was attributed to the occurrence of secondary reactions 


of 5 (3p) atoms with the product episulfide: 
S 
3 
sip) + ec Ss OE (A) [1] 


S 
3 ] ent 
s(3p) + DOK eta) 802) 02] 
Consequently, quantitative studies were undertaken at relatively 
low olefin pressures so that step [2] could compete favourably 


with step [1]. It was found that with increasing conversion the 
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episulfide yields increased initially, then levelled off to a 


constant value. In this linear region 


iT] 


KS] [Olefin] k[S] [Episulfide ] 


[Olefin] 


ine) 


and ee 
1) [Episulfidel 


a 


It was found that ko/k, = 81 in the case of ethylene and 40 in 
the case of propylene“®, This treatment, however, is over- 
simplified since it is certain that the episulfide products must 
undergo secondary photolysis, the extent of which cannot be 
assessed. These rate ratios are upper limits only, and it was 
necessary to determine the absolute value for kK. so that the 
absolute rate data for the s(3p) + olefins systems (Chapter VII) 
could be properly evaluated. 

Before the present results can be discussed, it is 
necessary to examine the possible effects of photochemical de- 
composition of CoHyS in the primary flash. The onset of absorp- 


130 is at 370 nm and there are two distinct 


tion, Figure VI-5 
absorptions, a weak one centered at ca 250 nm and a more intense 
one below 220 nm. The long wavelength absorption, which probably 
corresponds to an n,o* transition, leads to the formation of S5 


and C Hy primarily, along with minor amounts of CoH, » HOS, H, 


ist 


2 


and CH, via molecular mechanisms 


would deplete the episulfide concentration and a corrected 


Extensive photolysis 


average value would have to be used when calculating the bimolec- 
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ular rate constants. Furthermore, if sulfur atoms reacted with 
the photolysis products, then the rate of abstraction would be 
smaller than the observed rate of decay. 

It is highly unlikely that these processes are of any 
importance in the present system since in a previous study! of 
the flash photolysis of CHAS where flash energies larger by 2.5 
and concentrations larger by a factor of 10° were employed, it 
was found that only 2% of the substrate was decomposed by the 
flash, Moreover, the invariance of the bimolecular rate constant 
with CoHys concentration, Figure VI-2, illustrates that the con- 


centration of CoHyS is unchanged during the course of the reaction. 


The absolute rate constant for the S + CH4S oe S5 + 


C,H, reaction has also been determined by Donovan et tee using 


2 4 

a similar apparatus and by Klemm and Dayigs using resonance 
fluorescence to monitor the S atom concentration. The latter 
study also reported ES = 0. The data are summarized in Table VI-5. 
The agreement between our value and that reported by Donovan 
et at is excellent but the rate constant determined by Klemm and 
meg is higher by a factor of 2 and there is no obvious explanation 
for the discrepancy. The relative values obtained here do not 
agree with those derived from conventional studies“? but, aS was 
stated previously the rate ratios are only upper limits and it would 
be unreasonable to attribute a high degree of accuracy to them. 

It appears that the rate of abstraction increases 


Slightly with increasing alkyl substitution. From an empirical 


plot of the bimolecular rate constants versus number of methyl 
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substituents, Figure VI-6, the rate constant for reaction of s(>P) 


Coe ete 


atoms with tetramethylethylene episulfide should be 6.6 x 10 
ceca This is comparable to the rate constant for addition of 5 (Pp) 
atoms to tetramethylethylene (of Chapter VII) and therefore in this 
system a correction for the abstraction reaction is unnecessary. 


The collisional frequency for the S + CHAS reaction 


10 ] -] 


is ~ 2.6 x 10° 1 mole. sec.’ if d,, ~ 5 A. Therefore the 


AB 
reaction 1S Occurring ata rate of once in = (8 collisions. The 
max imum - which would correspond with this a LSet kcal 
mole”! whereas an experimental value of 0 has been reported. 
Semi-empirical EHMO calculations have been carried out? on the 
reaction path of 5 (3p) plus ethylene episulfide and the lowest 
energy path for the reaction which corresponds to attack from 
above the ring plane (path Z in Figure VI-7), has a calculated 


1 


activation energy of ~ 1 kcal mole . The computed value of the 


enthalpy change, -44.5 kcal mole”! is in good agreement with the 
thermochemical value of -43.4 kcal mole”! Thus, the experimental 
value of E. = 0 may be due to a small negative temperature depend- 


ence of the A factor coupled with a small positive activation 


energy, of the order of a few tenths of a kcal mole”! 


Desulfurization of episulfides can be accomplished 


by a variety of reagents. In the case of organic nucleophiles 


Ad ae CLS hai 
such as triethyl] phosphite!” ioe organolithium compounds : 


1355138 


tripheny] or Eributylphosphines= the product olefin retains 


the configuration of the substrate episulfide, indicating that the 
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reaction is a concerted molecular process: 


A Pantera t 
RP <<] —s ey S J mee RPS +] 


Methy] radicals? and hydrogen atoms !39 also abstract sulfur 


from episulfides 


CH, (or H). + 2) —=> CHAS (or SH) + CoH, 


in parallel and in competition with hydrogen abstraction. The 


rate parameters are 


Poel o Werle) | aeiks | agen ae CH, and 
LORCREUISAa RIN tolemeecce eco 


log k 


log k 


The reaction of methyl radicals with cts-2-butene episulfide is 


stereoselective, yielding > 80% cis-2-butene. This, together 


with kinetic observations indicates that the reaction is a 


Single step concerted process and that the thioalkyl radical 


is not an intermediate. The initial interaction was postulated 


to involve the m orbital of the CH. radical with the nonbonding 


3p orbital of the S- atom:: 
Croan 
PH 
Ca 
ee 
ia Sa 


“H 
The intermediate in the H + CoH4S system was believed to be 


Bl 


a 


Similar. 


The absolute rate constants for desulfurization of ethylene 
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episulfide have been reported for several of the Group VI A 
elements. The data are summarized in Table VI-5. The reactions 
are all spin and orbital symmetry allowed, to yield a ground 


state olefin molecule and a ground state triplet S., SO 


93 
or Se, species and proceed at rates near the collision frequency 
with little or no activation energy. The 0(>p) atom + C,H,S 
system! 39 is interesting since ground state 0(°p) atoms are known 
to abstract from paraffinic C-H bonds but the activation energies 
are of the order of several kcals. The near-zero temperature 
dependence observed experimentally would imply that desulfurization 
is the only measurable process. In fact, SO was detected by 
kinetic mass spectroscopy !°9, 

Finally, it is of interest to note that atomic or 
radical attack on epoxides proceeds exclusively via hydrogen 
abstraction and deoxygenation has never been observed although 
the process is thermodynamically favourable. A Bond Energy-Bond 
Order calculation reported in the literature on this reaction 


predicted a prohibitively high activation energy |”. 
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CHAPTER VII 
THE REACTIONS OF s (3p) ATOMS WITH OLEFINS 


A. Results - Part I 


The room temperature reactions of s(°P) atoms with 
olefins were investigated using 200 torr C0. diluent and 0.1 torr 


of COS by monitoring the decay of 5 (9p and s(°P,) atoms. The 


9) 
reactions of 5 (3p) atoms with ethylene were examined exten- 
Sively in order to define the experimental parameters for this 
series of studies; in this system the effects of ethylene 


pressure, total pressure, nature of the diluent and flash energy 


were investigated. 
1. The Reaction of s (3p) Atoms with Ethylene 
; 3 
i) S(°P) Atom Decay 


The time dependence of the s(°P,) and s(°P,) atom 
concentrations were examined as a function of a number of experimental 
variables such as partial ethylene concentrations, total pressures and 
flash energies, and the method of integration was used to check the 
order of the reaction with respect to s(°P,) atoms. Under the 
experimental conditions employed, the decay rates followed first 
order kinetics. A typical first order plot of log [s(°P,)] versus 
time is shown in Figure VII-1 and the data are summarized in 


Table VII-1. 
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TABLE VII-1 


First Order Decay Rate of 5 (3p) Atoms 


in the Presence of Ethylene 


S species ConA oh Flash Energy 107*k, sec’ | 
(torr) (torr) (kV) 
=P 0.408 50 9 DANE 
°P, 0.254 200 9 1.38 
pe 0.254 200 9 1.43 
°P, 0,254 200 9 URE 
ae 0.254 200 9 Lea 
°P, 0.254 200 9 ei 
pe 0.200 a? 9 1.06 
1 0.254 200 ag 1.22 
ip 0.437 500 9 2.43 
te 0 200 9 0.11 


S7P (COS) a0. letor 


b p(Ar) = 200 torr 


: a: 
oon ter ei meanness .- 
‘a 


| | 7 ae 
“yot 1 = fanaa * ei UA 
ele Oe | 
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ii) Effect of Ethylene Pressure 


The first order rate constants obtained in the pressure 
range 0.20 - 0.44 torr ethylene, Table VII-1, were plotted versus 
ethylene concentration, Figure VII-2. A good linear relationship 
was obtained, yielding a bimolecular rate constant of 9.0 + 0.5 


8 ] -] 


x 10; lemole sec 


iii) Effect of Total Pressure and Nature of the 


Diluent 


The value of the bimolecular rate constant was deter- 
mined over a range of total pressures from 50 to 500 torr using 
C0., and then with 200 torr argon as diluent. As illustrated in 
Figure VII-3, the bimolecular rate constant is virtually independ- 


ent of the total pressure. 
iv) Effect of Flash Energy 


The first order rate constant was determined at 9 and 6.5 
kV using a mixture of 200 torr C0,. Outer COS and0-256tony, 
ethylene. The values obtained (Table VII-1) are in agreement, 


indicating no dependence of the rate constant on flash energy. 
2. The Reaction of 5 (3p) Atoms with Propylene 


The first order rate constants determined for this re- 


action are tabulated in Table VII-2, and give an average first order 
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TABLE VII-2 


First Order Decay Rate of 5 (3p) Atoms 


in the Presence of Propylene 


rT he es ieee je 108 ke sec 

1 0.035 200 0.10 1.04 

pe 0.035 200 0.10 102 

*P, 0.035 200 0.10 1.28 

SPs 0.0175 100 0.05 TO 

P, 0.035 200 0.10 1.06 

=p 0.035 200 0.10 1.06 
average = ioe ORS 


4 normalized to 0.035 torr CoH 


Mit 


Trou yee 


Se 


+ 42.8 
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rate constant or |].13 x 10° sec)! at a propylene concentration of 


6 


- -] : 
1.87 x 10 ~ mole 1 ©. Applying the correction of 0.11 x 10 


-| ; 
sec for the decay in CO,- COS, a bimolecular rate constant of 5.4 
Ga Rue nse age | ae obtained. A typical decay plot is 


illustrated in Figure VII-4. 
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3. The Reaction of S(~P) Atoms with 1-Butene 


The first order rate constants determined for this reaction 
are tabulated in Table VII-3, and give an average first order rate con- 
Stant 01 Ul. | 7x 10° sec | at a 1-butene concentration of 1.29 x 10° 
mole lie and the bimolecular rate constant is 8.2 + 0.6 x 10° 


] mole”! sec! A typical decay plot is illustrated in Figure 


4. The Reaction of 5 (3p) Atoms with trans-2-Butene 


The first order rate constants determined for this reaction 
are tabulated in Table VII-4 and yield an average first order rate 
cajetens oe UL 0" sec’! at a trans-2-butene concentration of 
6225) x soe mole ee The bimolecular rate constant is 1.1 + 


10 ] =| 


125) xe 102s 1 omoles* sec’ . A typical decay plot is#1liustrated 


in Figure VII-6. 
5. The Reaction of s(3p) Atoms with Isobutene 


The first order rate constants are tabulated in Table VII- 
4 -] 
5. From the average first order rate constant of 1.06 x 10) sec 
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FIGURE Vil-4> first Order Decay Plot of s(°P,) Atoms in the Presence 
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TABLE VII-3 


First Order Decay Rate of 5 (7p) Atoms 


in the Presence of 1-Butene 
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First Order Decay Plot of s(°P,) in the Presence of 
leBucenesP( COS) = 0. stor, P(1-C,He) = 0.0239 torr, 


PLCOp r=) 200—torr. 
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in the Presence of trans-2-Butene 


TABLE VII-4 


First Order Decay Rate of s (3p) Atoms 
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TABLE VII-5 


First Order Decay Rate of 5 (3p) Atoms 


in the Presence of Isobutene 


S species ae 
*P, 0.00531 
Be 0.00531 
°, 0.00531 
ee 0.00531 
°P, 0.00531 
By 0.00531 
=P 0.00266 


C0, COS 
(torr) (torr) 
200 0.10 
200 0.10 
200 0.10 
200 OS10 
200 0.10 
200 0.10 
100 Ons 
average 


10c Secu 


0.94 


se TEE Le i Laan 


2 flashed at 6.6 kV 
b 


normalized to 0.00531 torr i-CyHy 
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at an isobutene concentration of 2.86 x 1077 mole 17! 


10 enctes ne is obtained. 


the bimolecular 


races constant or o.3 + 0.5 % 10 


A typical decay plot is illustrated in Figure VII-7. 


6. The Reaction of s(P) Atoms with 


Tetramethylethylene 


Since this reaction is extremely fast, the first order 
rate constant for decay of s(P) atoms were determined over a range of 
tetramethylethylene concentrations, Table VII-6, in order to 
determine the conditions where depletion of substrate might take 
place. As illustrated in Figure VII-8, first order kinetics are 
obeyed even at the lowest concentrations studied. The data are 
Summarized in Table VII-6 and from the slope of the plot of the 
first order rate constant versus tetramethylethylene concen- 
tration, Figure VII-9, the bimolecular rate constant is 6.0 + 0.3 


10 ] -| 


x 10°> | mole = sec 


7. The Reaction of S(3P) Atoms with Vinyl Fluoride 


A first order rate constant of 2.52 x 10° see was 


determined for this reaction at a vinyl fluoride concentration 
of 4.80 x 107° mole liter™!, yielding a bimolecular rate constant 


of 5.0 + 0.5 x 10° 4 molen sec! The decay plot is illustrated 


in Figure VII-10. 


Table VII-7 lists the room temperature rate data for 


the olefins studied. 
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TABLE VII-6 


Effect of Tetramethylethylene Pressure 


a 
on the Rate Constant for Decay of s (3p) Atoms 


107 [TME] TME No. of 19 Kunr 
(mole/liter) (torr) Runs (cecal) 
0 0 2 0.11 
1.68 0.00314 2 1.21 
2.54 0.00475 4 1.45 
3.43 0.00641 4 Pa 
5.00 0.00935 2 ee 

‘ P(CO,) = 200 torr, P(COS) = 0.10 torr. 
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Absolute Rate Constants for the Reaction of 5 (3p) 


Atoms with Olefins at 298°K 


Substrate 


Ethylene 

Propylene 

1-Butene 
trans-2-Butene 
Tsobutene 
Tetramethy!lethylene 


Vinyl Fluoride 
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B. Results - Part II 


The reactions of s(°P) atoms with ethylene, propylene, 
1-butene and tetramethylethylene were studied as a function of 


temperature. 


1. Temperature Dependence of the 5 (3p) plus 


Ethylene System 


This reaction was investigated in the temperature 
range 25 - 140°C. The data are tabulated in Table VII-8 and 
from the Arrhenius plot, Figure VII-11, an activation energy of 
1.5 + 0.1 kcal mole’! and an A factor of 1.15 + 0.11 x 10/9 1 


-] -] : 
mole sec were determined. 


2. Temperature Dependence of the 5 (Pp) plus 


Propylene System 


The reaction was investigated in the temperature range 
25 - 151°C. The data are tabulated in Table VII-9. From Figure 
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3. Temperature Dependence of the s (3p) plus 


1-Butene System 


The reaction was investigated in the temperature range 


95 - 208°C. The data are tabulated in Table VII-10. From 
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FIGURE VII-11: Arrhenius Plot showing the Temperature Dependences of 
the bimolecular rate constants for the Reactions of 
sp) with Ethylene, Propylene, 1-Butene and 


Tetramethylethylene. 
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TABLE VII-8 


Temperature Dependence of the Bimolecular Rate Constant for the 


Reaction of s(>p) Atoms with Ethylene 


Temperature, °k 10°? x k, 1 ee gaee log k 
298 0.90 8.954 
O20 16 9.064 
3511 1.45 9.161 
368 ine 9.182 
403 e793 975251 


a aa 
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~ ea sivas ps ie fi 
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Temperature Dependence of the Bimolecular Rate Constant for the 


Reaction of 5 (3p) Atoms with Propylene 


Temperature, °k 


298 
349 
368 
401 
423 


TABLE VII-9 


9 -| 


Ome ke fOleuuaeee 


log k 


hehe s 
92/9] 
9.865 
9.880 
See) 
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TABLE VII-10 


Temperature Dependence of the Bimolecular Rate Constant for the 


Reaction of 5 (3p) Atoms with 1-Butene 


Temperature, °k lor ] 

298 oF 
324 1s 
353 Je 
397 2), 
432 on 


48] 8. 


log k 


9.914 
aeeks) 
95963 
US 
9.924 
9.942 
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4. Temperature Dependence of the s(p) plus 


Tetramethylethylene System 


The reaction was investicated in the temperature range 
25 - 166°C. The data are tabulated in Table VII-I1. From 
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TABLE VII-11 


Temperature Dependence of the Bimolecular Rate Constant for the 


Reaction of s (3p) Atoms with Tetramethylethylene 


Temperature, °k 10 


log k 


10" 
103 
LOR 
10. 
10% 
Ok 
TOR 
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1) 
709 
778 
651] 
610 
617 
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Ge Discussion 


Before the present results can be discussed ina 
mechanistic context the data must be evaluated in terms of experi- 
mental variables such as possible photolysis of the substrate, 
the extent of secondary reactions between sulfur atoms and episul- 


fides and the possibility that sulfur may also decay via S + So 


are S35 So > a Sq> etc. The results on the S + CoHy reaction 
should be representative of all the systems studied. Ethylene 
absorbs only very weakly above 190 nm, the quartz cut-off (cf. 
Table II-2) and the extent of photolysis must be negligible since 
the bimolecular rate constant is independent of flash energy. 
Furthermore, Donovan et aioe obtained reproducible rate constants 
when a water filter jacket (> 210 nm) was introduced, and Klemm 


et Pie 


showed that the rate constant was independent of flash 
energy even when suprasil windows (> 160 nm) were employed. 

To determine the effect of the secondary reaction 
Sot CoH,S —— So st CoHy in the present study, an analogue 
computer simulation was set up. It is described in Appendix III. 


On the basis of this analysis, it is concluded that the observed 


rate constant for addition may be high by possibly ~ 5%. The extent 


of the abstraction reaction diminishes with increasing complexity of 


the olefin since the rate of addition to the double bond increases 


accordingly and the relative importance of the addition and abstraction 
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reactions then becomes concentration dependent. This obtains in 
the case of tetramethylethylene where the rate constant for addition 
of 5 (3p) atoms to tetramethylethylene is comparable with the rate 
constant for abstraction from the episulfide (cf. Chapter VI). 

The importance of the S + So a S3 reaction can be 
discounted because it has been shown (Chapter III) that, in the 
absence of olefin, the rate of decay of sulfur via this route is 


relatively slow, of the order of < ie eee 


and the analog com- 
puter simulation of the S + CHa system (vtde infra) indicates 
that the build-up of So Species is very slow. At the low S-atom 
concentrations employed in these studies, the observed bimolecular 
rate constants are probably the true ones. 

Absolute rate parameters for the reactions of sulfur 
atoms with olefins obtained in this work are summarized in 
Table VII-12 atong with the S + CoH, value reported by Donovan 
et aye using the same technique as employed here, and others 
by Klemm and Davie! who recently used the resonance fluorescence 
method to monitor the S-atom decay rates. Some relative datace 
are also included for comparison. 

It is seen that the activation energies obtained by the 
two techniques are in good agreement but the A factors differ by 
Geta lyeconslant taclOmNot ~ 2.0 om nv etne presenta times tnene 
is no obvious explanation for this discrepancy. It should, how- 


ever, be noted that the rate parameters for the S + 0, reaction 


obtained by the two methods are in good agreement, and therefore 
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the different A factors are certainly not due to experimental 
artifacts. The room temperature value of 9 x 10° ] mole”! sec 
obtained by us for the reaction with ethylene is in reasonable 


epi! cae! aiuace by 


agreement with the value of 7 x 10 
Donovan et aan and confirms the reproducibility of the measure- 
ment in a similar apparatus. 

The A factors for addition to terminal olefins appear 
to be invariant and the slight decrease in the A factor for the 
sulfur plus tetramethylethylene reaction may possibly arise from 
steric limitations. 

The collision frequency for the 5 (Pp) + CoH, reaction is 


leo id! 1 mole’! sec7! taking dy, as 3.2 cm. Since A = 1.15 x 


1910 ] mole” | sec, the Stericetactors py 1S:- Us09.. ihe 
collision efficiency of the reaction at room temperature is ~1 in 
144 and the entropy of activation nS is -16.47. The collision 
efficiency for the S+(CH)5C, (CH). reaction is estimated to be 
eal Aaa? 

It is interesting that activation energies derived from 
competitive experiments, relative to E. = = |-oekcal mop theses 7 
tetramethylethylene reaction, are in reasonably good agreement 
with the absolute values. 

The decreasing trend in E. with increasing alkyl sub- 
stitution on the double bond clearly illustrates the electrophilic 


character of triplet ground state sulfur atoms and this is further 


substantiated by the linear relationship between E and ionization 
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potential of the olefin, Figure VII-12, which is a measure of the 
ease of removal of one of the t-electrons. This trend has also 
been established for the other Group VI A elements in their 
ground triplet states. Table VII-13 summarizes the rate para- 
meters for the addition reactions of 0, S, Se and Te atoms to a 
variety of olefins. 

The negative temperature dependence for the rate of 
reaction of s(p) atoms with tetramethylethylene, predicted on 
intuitive grounds’ ©, is a novel and significant feature of the 
addition reaction. Other workers have subsequently shown that 
E. for the addition of 0 atoms to tetramethylethylene is also 


negative ?°”, 


For many years it has been assumed that E. = (0 

for reactions proceeding near the collision efficiency but this 

is only valid if the negative temperature dependence was entirely 

due to a negative temperature term in the A factor. However, 
transition state theory predicts that the temperature exponent is 
unlikely to be higher than 0.5. Collision theory gives a function 

of ree if one imposes the severe restriction that the 

reaction occurs at only one relative kinetic energy and at no 

other. Neither of these appears to be sufficient to account for 

the experimental function of ~ ee The negative temperature depend- 
ence of this reaction can best be rationalized by considering the 
nature of the curve crossing for any given olefin in its reaction 
with 5(°P) atoms. It is proposed that the atom and olefin initially 


approach on a potential energy surface with a shallow minimum. 
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FIGURE VII-12: 


oe To 
E, (kcal mol 7!) 


Plot showing Correlation of E for 
reaction with olefin as a Function of 


the lontZation Potential of the Olefin. 
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The repulsive part of this surface intersects an attractive 
potential surface and the rate of the reaction would be deter- 
mined by: 

a) the potential energy difference between the 
intersection of the two surfaces and the separated reactants 

b}) the number of internal degrees of freedom in the 
reaction complex 

c) the probability of curve crossing between the two 
surfaces. 

The positive dependence of the s(°P) plus ethylene reaction can 

be explained by a curve crossing occurring at an energy above 
that of the separated reactants and the negative temperature 
dependence of the 5 (3p) plus tetramethylethylene reaction by a 
crossing at an energy below that of the separated reactants. This 
is qualitatively illustrated in Figure VII-13. 

Since the Group VI A atoms show a strong parallelism in 
their behaviour, Table VII-13, it would seem reasonable that this 
mechanism would be equally applicable to the cases of 0, Se, and 
Te atoms. 
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It has been shown that the sole product of the se 


P) 

+ olefin reaction is the corresponding episulfide, which is readily 
stabilized at moderate pressures and formed in a highly stereo- 
selective manner. Semi-empirical EHMO and ab initio type m.o. 
calculations on the reaction surfaces for the S + CoH, system and 


on the ground and excited states of thiirane™o °° have provided a 
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rationale for the reaction path. Figure VII-14 illustrates the 


State symmetry correlations for the lowest excited Singlet and 


triplet states of thiirane. The initial approach is on the a 


surface which, at smaller internuclear distance, intersects with 
the A surface. The computed barrier to potential surface cross- 
ing, 7.5 kcal, is much higher than the experimentally observed 
value of 1.5 kcal but this type of calculation always overestimates 
the height of potential barriers. The Ne Surface corresponds to 
the lowest mode of vertical excitation and, when the geometry is 
optimized by varying the CCS bond angle, Figure VII-15 it is seen 
that at the equilibrium geometry which corresponds to a CCS bond 
angle of about 100°, the = (or 35) state becomes the lowest 
triplet state. The computed barrier to retation is 23 kcal, and 
indicates a relatively strong binding interaction between 

sulfur and the terminal methylene carbon. Since the exothermicity 
of the reaction is only 20 kcal, this explains the high stereo- 
selectivity of the addition. The complete reaction path thus 

(3 


— C,H,S 


Bo) oq 


] S) 
follows the sequence CoH, ( A.) + S(-P)— CoH,S 
3 : Se 
( yer CH,S( mM 


Similar ab initio calculations on the 0(°P) + CH, 


A 


reaction path and on the ground and excited states of ethylene 
epoeide > indicate that the barrier to rotation in the lowest 
excited triplet state is prohibitively high. In order to account 
for the non-stereospecificity of the process, the initially 


formed triplet adduct must undergo rapid intersystem crossing to 
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a vibrationally excited surface in the ground state (possibly a 
zwitterion surface) in which rapid rotation takes place. It was 
also shown that the observed temperature dependence of the 
stereoselectivity can only be rationalized if isomerization takes 
place on a ground state surface. 

Schmidt and ie examined the 5(3p) + cts-2-butene 
reaction at low pressures and reported extensive isomerization in 
the olefin. They suggested a chain mechanism to account for this, 
involving labile and non-labile additions to the olefin with 


sulfur atoms as the chain carriers: 


s(°P) +[— [= Fe +L 


Relative "labile" and non-labile" addition rate constants were 
derived. This mechanism can however be rejected on mechanistic 
and kinetic grounds: 

1. The addition to ets-2-butene yields > 80% cis-2- 
butene episulfide’ >, which is irreconcilable with the proposed 
reversibility of the process; 

2. Relative rate constants<° were found to be inde- 
pendent of concentration and of the nature of the olefin pair, 


Ie. 
kf kK. = (k_/k, H k /k,) 


3. The relative rate of "non-labile" addition to 1,3- 


butadiene would correspond to an absolute rate constant higher 
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than the collision frequency, by a factor of iN 

Recent studies !4>>!46 have conclusively shown that the 
Species responsible for isomerization must be the non-vertical, 
ring distorted 35 State of the episulfide, and not sulfur atoms. 
Triplet state episulfide can be generated by thermal or photo- 
chemical excitation or by energy transfer from a variety of 
triplet sensitizers and, under conditions where sulfur atoms are 
demonstrably absent, several hundred molecules of cis-2-butene 
are isomerized, depending on the energy content of the triplet 
episulfide. The isomerization apparently takes place via a 
facile, reversible addition of the triplet episulfide to the bond, 


where the geometry of the episulfide must be retained in the cyclic 


adduct: 


Es." +] = co 


Thus, triplet state episulfides have strong biradical properties 
and are remarkably resistant to collisional deactivation. The 
estimated lifetime for triplet state ethylene episulfide is > 


Panes ecu 


It is interesting to note that in similar studies />° 


on the 0(°P) + cts-2-butene system, no isomerization was detected. 
This lends support to theoretical prediction that the intermediate 
adducts in these systems are not triplet states but vibrationally 

excited ground state epoxides. Thus, the physical and chemical 


properties of episulfides make them unique among three-membered 


cyclic heterocycles. 
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CHAPTER VIII 


THE REACTIONS OF 5 (2p) ATOMS WITH ALKYNES 


A. Results - Part I 


Room temperature rate constants were determined for the 
reaction of s(>p) atoms with acetylene, acetylene-d., propyne, 


]-butyne, 2-butyne, 2-pentyne and 2-perfluorobutyne. 


1. The Bimolecular Rate Constant for the Reaction 


of s(3p) Atoms with Acetylene 


The average observed first order rate constant in the 
presence of acetylene was 1.15 + 0.24 x 104sec™!, Applying the 
correction for the rate constant in the absence of reactant 
yields a first order rate constant due to reaction with acetylene of 


4 =| 


045% 10essee | and at 0-865 torr CoH, the bimolecular rate con- 


8 ] =| 


Stant 1$ 2.0 £.0.5 ~% J0- 1 mole . sec’ < “Ihe data are summarized 


in Table VIII-1] and illustrated in Figure VIII-1. 


2. The Bimolecular Rate Constant for the Reaction 


of s(3p) Atoms with Acetylene-d, 


The average observed first order rate constant was 
eco io. x 10° see | and, correcting for the rate constant in 
the absence of reactant, the first order rate constant due to reaction 
with acetylene-d, is 1.13 x ne sec’). At 0.940 torr CD, the 


8 -] -| 
bimolecular rate constant is then 2.3 + 0.3 x 10 1 mole’ sec . 
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TABLE VIII-1 


First Order Decay Rate of s(°P,) Atoms 


in the Presence of Acetylene 


CS 5 CO COS Oe ke 
2N2 2 mS 
(torr) (torr) (torr) SEC 
0.865 200 0.1 1243 
0.865 200 Gel 0.97 
0.865 200 Om 1.06 
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G 100 180 260 
TIME (usec) 


PIGURE VILIol= First Order Decay Plot or Si Be Atoms in the 
Presence of Acetylene. P(COS)= 0.1 torr, 


P(C,H,) = 0.865 torr, P(CO 


ot = 200 tore, 


>) 


Jee}! 


The data are summarized in Table VIII-2 and illustrated in Figure 


Viti=2. 


3. The Bimolecular Rate Constant for the Reaction 


of 5 (3p) Atoms with Propyne 


The average observed first order rate constant was 


2690 = 0212 % 10° ool. The corrected first order rate constant for 


reaction with propyne is 2.79 x 10° sec’! The bimolecular rate 


9 ] moles. ano | at 0.110 torr CH. 


The data are summarized in Table VIII-3 and illustrated in 


ConStantels 4.0.2 Oe2 x 10 


Figure VIII-3. 


4. The Bimolecular Rate Constant for the Reaction 


of s(3p) Atoms with 1-Butyne 


The average observed first order rate constant was 


‘ -] 


P74 20.06 x 10% sec in 0.0922 torr 1-C,He and the first order rate 


constant due to reaction with 1|-butyne is 1.63 x ie gee. The 


bimolecular rate constant is 3.3 + 0.2 x 107 1 noe See A 
measurement was also carried out at 100 torr C0. and 0.0461 torr 


Cae and yielded a value of 3.8 x 10° ] mole” | aye | in agree- 


ment with the high pressure value. The data are summarized in 


fables Vill-4eand wilustrated inshigure Vili—4- 


5. The Bimolecular Rate Constant for the Reaction of 


5 (3p) Atoms with 2-Butyne 


The average observed first order rate constant jin the 
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TABLE VIII-2 


First Order Decay Rate of 5(>P) Atoms 


in the Presence of Acetylene-d 


COS 
(torr ) 
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Gea 
0.1 
Om 


average 
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FIGURE VIJI-2: First Order Decay Plot of S(“P.) Atoms in the 
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TABLE VIII-3 


First Order Decay Rate of S(neo Atoms 


in the Presence of Propyne 


COS 
(torr) 
OF 
O14 
0.1 


average 
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FIGURE VIII-3: First Order Decay Plot of S( Po) Atoms in the 
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TABLE VIII-4 


First Order Decay Rate of s(°P,) Atoms 


in the Presence of 1-Butyne 


-4 
CH2CHACCH C0. COS 10 
(torr) (torr) (torr) SeC 
0.0922 200 0.1 1.69 
0.0922 200 Ont 1.80 
0.0922 200 | havi 
average TE Se NOLS 


0.0461 100 0.05 1.06 
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presence of 0.00912 torr 2-CaHe was 0.91 + 0.06 x 10° sec and the 


| first order rate constant due to reaction with 2-butyne is 0.80 x 104 


ase) The bimolecular rate constant is 1.6 + 0.2 x 10/9 Tec 


-] 
-sec . The data are summarized in Table VIII-5 and illustrated in 


Figure VIII-5. 


6. The Bimolecular Rate Constant for the Reaction 


of 5 (3p) Atoms with 2~Pentyne 


From the average observed first order rate constant, 


Geco ea alee 10 ceed. 


in the presence of 0.00912 torr 2-CeHes 
the corrected rate constant due to reaction with 2-pentyne is 
OE S7ax 10° sec. and the bimolecular rate constant is 1.8 + 0.3 x 


199 | tele gael The data are summarized in Table VIII-6 and 


illustrated in Figure VIII-6. 


7. The Bimolecular Rate Constant for the Reaction 


of S(3P) Atoms with 2-Perfluorobutyne 


Using 0.892 torr 2-CAFe the average observed first order 


rate constant was) |.l2 2 0.21 x 10° sce and. the first order rave con- 


: 4 - 
stant due to reaction with perfluorobutyne is 1.01 x 10° sec "0 The 


bimolecular rate constant is 2.1 + 0.4 x 108 ] ROTea see The 
data are summarized in Table VIII-7 and illustrated in Figure 
VIII-7. 


The room temperature rate constants are tabulated in 


Table VIII-8. 
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TABLE VIII-5 


First Order Decay Rate of Ee) Atoms 


in the Presence of 2-Butyne 


CHACCCH, C0, COS 10°'k, 
(torr) (torr) (torr) sec”! 
0.00912 200 0.1 0.95 
0.00912 200 0.1 0.87 


average O29 10250206 
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TABLE VIII-6 


9) Atoms 


in the Presence of 2-Pentyne 


COS 
(torr) 


0.1 
0.1 
0.1 


average 
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TABLE VIII-7 


First Order Decay Rate of s(*P,) Atoms 


in the Presence of 2-Perfluorobutyne 


-4 
mE ngL C0., COS 10 is 
(torr) (torr) (torn) Sec 
0.892 200 Omi 0.9] 
0.892 200 Ogi les 
0.733 200 0.1 Wee 
average lelzeen0eZ] 


S adjusted to common concentration of 0.892 torr 


for average 
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TABLE VIII-8 


Room Temperature Rate Constants for the Reactions 


of 5 (3p) Atoms with Alkynes 


Substrate Ke 5 
1 mole sec 

Acetylene 2.3)+ 055.% 10° 
Acetylene-d, ey ee ee 
Propyne 4.6 022. x 10° 
1-Butyne Sess Uaye 52 10° 
2-Butyne IG Or Zax 1019 
2-Pentyne 12S a0 eS ex iol 
Perf luorobutyne Zoe Taaex 10° 
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B. Results - Part II 


Temperature studies were undertaken to determine the 
Arrhenius parameters for the reactions of 5 (Pp) atoms with 


acetylene and propyne. 


1. The Temperature Dependence of the s(p) Atom 


plus Acetylene Reaction 


The reaction of s(p) atoms with acetylene was studied 
in the temperature range 25° - 211°C. The Arrhenius parameters 


] 


were determined to be Ets 320.2 704ekeall moles, sanceh = 3642 


Teor 19! ] allen sean The data are summarized in Table 


VIII-9 and iilustrated in Figure VIII-8. 


2. The Temperature Dependence of s(>p) Atoms plus 


Propyne 


For the reaction of 5 (3p) atom with propyne in the 
temperature range 25 - 177°C, the Arrhenius parameters are ES = 
0.9 + 0.2 kcal mole”! and A = 2.0 + 1.4 x 10/9 71 mole! sec”! 
The data are summarized in Table VIII-10 and illustrated in 
Figure VIII-8. The decay rates of s(°P,) atoms were also 
monitored in order to check the accuracy of the results, and 


were found to be consistent with the s(*P,) atom data as shown 


in Figure VIII-8 and Table VIII-10. 
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TABLE VIII-9 


Temperature Dependence of the Reaction of 


5 (3p) Atoms with Acetylene 


Temperature KS log k 
(2k) 1 mole! sec 
298 23 10° 8.36 
389 Boe ee 8.78 
450 120) xat07 9.00 
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Arrhenius Plot showing Temperature Dependence 
of the Reaction of S(°P) with Acetylene and 


FIGURE VIII-8: 


Propyne. 
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TABLE VIII-10 


Temperature Dependence of the Reaction of s(P) 


Atoms with Propyne 


Species Temperature ks llogek 
| mole.’ sec 


a 298 4.8 x 10 9.68 
s(°P,) 358 4.8 x 10° 9.68 
s(°P, ) 358 S05 8 ee 9.77 
s(°P,) 368 aS ee 9.86 
s(°P,) 398 58 0" 9.80 
s(°P,) 414 ae a0 9.85 
s(°P.,) 428 5 Oe 9.80 
s(*P,) 449 me se ae 9.87 
s(°P.,) 449 8.5 x 10” 9.93 


: 7 
Pedy *y oatepaae he: 49 


209 


Ge DiScUssion 


In evaluating the experimental rate constants for the 
S+ olefin systems, Chapter VII, it was shown that possible 
complications arising from photolysis of the substrate or secondary 
reactions between S-atoms and products were absent. It is assumed 


that the same conditions hold for the S + alkyne system, since: 


Peay OH-CoHy system was studied by flash photolysis- 
resonance fluorescence with flash energies up to 500 joules and 
utilizing LiF windows, it was concluded that the extent of photo- 
lysis of CoH, was less than 1%. Thus, in the present system, using 


quartz optics, decomposition of CAH, is negligible. 


2. The only retrievable product in the S + acetylene 
system is thiophene, which is formed in low yield, the bulk of the 
product ending up as a solid polymer! Therefore, S atoms cannot 


decay via reaction with product. 


The measured bimolecular rate constants can therefore be 
attributed solely to the rate of addition of sulfur atoms to 
alkynes. 

Absolute rate constants, preexponential factors and 
activation energies for S + alkyne reactions are summarized in 
Table VIII-11 along with relative rate data obtained by competitive 
techniques in conventional experiments. Data for analogous 


oxygen atom reactions are also included for comparison. 
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For the S + CoH, reaction, our rate constant of 2.3 + 
0.5 x TO.) iano lea ccs. is in excellent agreement with Little and 
Donovan's published value>> of 3.0 + 0.3 x 10° 1 mole! sec”! 
obtained by a similar technique. The authors showed that the 

rate of decay of sulfur atoms is first order in acetylene. 

The activation energy for the reaction with propyne is 
considerably less than that with acetylene, in keeping with the 
electrophilic character of sulfur atoms. From a plot of Ionization 
potential versus E> Figure VIII-9, it appears that E. a OOM Lte 
S + 2-butyne reaction. Relative activation energies@° also follow 
the same trend with the exception of that for propyne (Table VIII-11). 
It is interesting that Ee. for the Si CoH, reaction, 3.0 kcal mole |, 
is twice as high as that for the S + CAH, reaction which is only 1.5 
kcal mole”! This may be due to a higher potential barrier in curve 
crossing from the separated reactants to products. 

This high activation energy is partially compensated for, 
in the overall rate, by a greatly increased A-factor. Radical 
additions to alkynes generally feature high A-factors and Szwarc |” 
has qualitatively attributed this to a gain in entropy in going from 
a linear molecule to a non-linear activated complex. The entropy of 
activation for the S + CoH, reaction is -14.3 e.u. (standard state = 
1 mole/liter). The translational and vibrational contributions to acti- 
vation entropy for the S + CoH, and S + C,H, reactions are virtually the 


same, but the rotational contribution in the CoH, system is 3.3 times 


higher than in the CoHg case. Since FOO a Cott Po 1tecan, besconcluced 
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FIGURE VIII-9: Empirical Plot of Ionization Potential versus 


Arrhenius Activation Energy. 
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that the increase in the A factor in the CoH. system is largely 
a consequence of an increase in the number of rotational modes in 
the activated complex. 

A kinetic isotope effect of unity was observed in the S + 
C.D. System, and in te analogous 0 + C.D, system’. The eff- 
ect of isotopic substitution can frequently provide valuable 
kinetic-mechanistic information on the types of reaction undergone 
by a molecule. Fortunately, the replacement of an atom in a mole- 
cule by its isotope does not cause a change in the potential energy 
surfaces of a given reaction. If the bond of the substituted atom 
is not directly involved in the reaction, the isotope effect is 
termed as secondary. 


The rate constant of a reaction, as derived from 


Absolute Rate Theory, can be described by the expression 


where X is the transmission coefficient, gi is the partition 
function of the activated complex, Q is the partition function of 
the reactant and E. is the activation energy of the reaction. The 
other terms have their usual significance. 

Separating the partition function Q into its translation- 
al, rotational, and vibrational components, the expression as 
developed by Toirsan 2 for the rate constant ratio of the 


isotopically substituted molecule relative to the unsubstituted 


molecule can be written as: 
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where I is the principal moment of inertia, M is the molecular 
mass, Uji = hews/kT where W. iS a normal vibrational frequency and 
+ refers to the activated complex. 


This equation can be expressed in an abbreviated form as 


—| = (MMI) x (EXC) x (ZPE) 


where MMI represents the translational and rotational energy con- 


tributions, EXC the vibrational energy and ZPE the zero point energy 


contributions. 
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Approximations for the activated complex structure by 
comparison with stable molecules may be applied and modified as 
dictated by comparison with experimental results. Agreement does 
not mean that the postulated model is correct but Simply that it 
is a possible model. Conversely, lack of agreement would suggest 
that the model used is unreasonable. 

Due to the many small factors affecting the overal] 
isotope effect, the evaluation should be as complete as possible. 
Oversimplification can lead to serious misinterpretation of the 
factors controlling a given isotopic effect. Thus, the simplified 
form of the equation proposed by Streitweiser!°!, in which the 
translational, rotational, and vibrational excitation contributions 
are neglected and the isotope effect supposedly originates only 
from the zero point energy differences, properly predicts an inverse 
secondary isotope effect for addition to a double bond, but suggests 
that the isotope effect arises from the change of the frequencies of 
the out-of-plane CH bending modes. However, a recently published !°4 
calculation of the kinetic isotope effect in the S + CAD, system 
demonstrates that the most important single factor contributing to 
the secondary isotope effect is the net gain in the number of iso- 
tope-sensitive vibrational normal modes during passage from the 
reactants to the activated complex. 


The first step in the method is to assume a reasonable 


geometrical model for the transition states, then to assign norma] 
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vibrational frequencies to all the modes. The transition state for 
thers «+ CoH, reaction is assumed to be a planar biradical with the 


two hydrogens in trans position: 


This assumption is supported by the stereospecific trans 


addition of HBr to C,H, in the gas phase! >? and by the fact that 


(aes 
the lowest electronically excited state of acetylene is Beane 
Acetylene has 3 x 4 - 5 = 7, whereas the activated 
complex has 3 x 5 - 6 = 9 normal vibrational frequencies. The two 
new frequencies in the activated complex, C-S stretching and C-C-S 
bending, are not sensitive to deuterium substitution and therefore 
do not generate isotopic effects. The isotope effect is thus 
probably due to changes in the acetylene frequencies on going over 
to the transition state. Assignment of vibrational frequencies in 


the activated complex can be done on the basis of the corresponding 


frequencies in propylene, 


by following the same trends upon changing from sp to spe hybrid- 
ization. i.e. the stretching, frequencies decrease and the bending 


frequencies increase. They are listed in Table VIII-12. 
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The MMI factor in the expression for ki /ky 1s Wale and 
from the EXC and ZPE contributions (cf. Table VIII-12) k/ky = 
0.998, which correctly reproduces the observed isotope effect. 

Additional information with regard to the primary step 
is supplied by ab inttto molecular orbital calculations on thiirene 


1o9 


and five of its isomers » Which indicate that the s(p) taGeH 


Lk 
reaction surface correlates with the lowest triplet excited states 
-of thiirene and thioacetylene which lie at unattainably high 
energies, These results are illustrated in Figure VIII-10 with 


those for the s('p + C,H, system. Therefore, the triplet 


2) Zed 
biradical may undergo a collisionally induced transition to a 
lower energy state, possibly the thioketene or singlet thiirene, 
or may undergo polymerization via reaction with acetylene. 

In the 5(>P) + CoH, reaction, thiirene may form via 
ring closure in the -HC=CHS biradical. An analogous situation 
exists in the photolysis of 1,2,3-thiadiazoles”’, where direct 


experimental evidence for the intermediacy of thiirene is more 


conclusive. 
= Se 


Photolysis of either the 4-methy! or 5-methy!] derivative in the 

presence of hexafluoro-2-butyne always yields only one thiophene 
adduct, with the methyl substituent in the 1 position, indicating 
preferential addition across the less hindered S-CH bond. Photo- 


lysis of thiadiazole itself yields thioketene and thioacetylene, 
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FIGURE VIII-10: 
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State Correlation Diagram for 
the lowest Singlet and Triplet 


15 
States of Thiirene. 
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and deuterium labelling in the 4 and 5 positions gave the follow- 


ing distribution in the thioacetylene product: 


N DN : oD CH 
| | I il 
N or H > ; \ ie Cin ot 
g [ ra | 
5 SH SD 


50% 90% 


The 1:1 ratio of these products is consistent with indiscriminate 
C-S ring opening in thiirene but not with a -DC=HCS- or -HC=CDS: 
intermediate. Additional evidence for the intermediacy of thiirene 
in these systems has been recently reported ’?° in the matrix 
photolysis of 5-t-butyl-1,2,3-thiadiazole where a new ir absorption 
was observed which could not be ascribed to either a thioacety- 


lene or a thioketene structure. The absorption frequencies are 


very close to those expected for the substituted thiirene, 


It is believed that the bulky t-butyl group confers extra stability 
to thiirene and consequently enhances its lifetime. The thioketene 
formed in these experiments may be formed from thiirene or from the 
»-CH=CHS’ biradical. Thioacetylene is not a product in thermolysis 


and therefore the 
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isomerization must take place on an excited Singlet state surface. 
The absolute rates of reaction of 0(p) atoms “2722902148 
with acetylene and propyne are, not unexpectedly, very similar 
to those of 5 (3p) atoms (cf, Table VIII-11). Generally, the 0(>p) 
Systems are characterized by much less polymerization and higher 
product yields. In matrix isolation studies of the 0(°P) + CoH, 
reaction |?! the spectrum of ketene was observed and there were no 
absorptions which could be assigned to oxirene, as The 0(>P) a 


a systems have been extensively 


propyne, 2-butyne and 2-pentyne 
studied and from the pressure dependence of the major products, 
CO, alkenes and ketones, it was concluded that the primary adduct 
is a triplet biradical wnich readily isomerizes to a more stable 


ketocarbene structure, 


0 3 
RC=CR + 0(7p) —> (ré-e 
0 ) (é 3 
1 los 
RO=CR en ROSCR 


and that oxirene is definitely not an intermediate. On the other 
hand, it has been conclusively demonstrated that the photolytic 
Wolff rearrangement of ketocarbenes to hen involves oxirene 
intermediates and that triplet or vibrationally excited ground state 


ketocarbenes do not isomerize to oxirene. 
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CHAPTER IX 
SUMMARY AND CONCLUSIONS 


It has been shown that s('p) atoms generated by the 
photolysis of carbonyl sulfide in its longest wavelength 
absorption band are rapidly deactivated to the ground triplet 


State. Within the microsecond time scales employed in this study, 


the metastable De °P, and =P components are in thermal equil- 


ibrium and therefore absolute rate constants ean be determined 


by monitoring either the PP oe i “Ss or Py HS 


absorption intensities by time resolved kinetic absorption 
spectroscopy. At the very low COS concentrations used in this 
study, the rate of decay of S atoms is slow and it appears that 
the major mode of decay is via reaction with S53 S43 etc. species 


present in the system. 
The absolute rate constant for the reaction of S(>P) 
atoms with molecular oxygen was found to be 1.7 + 0.2 x 10° 


] mole” | Sco independent of total pressure. The observation 


3 3 3 


of the Br <— X — 357 transitions of SO indicate 


3 


> and D 
; 3 Sec 3.- 
that the primary step is S(-P) + 0. Xg ) — O(°P) + SO(~z ). 

In the s(>p) + NO reaction, the second order rate 
constant is pressure dependent. Using a Lindemann-Hinshelwood 
plot, the third order rate constant was determined to be 1.9 + 0.1 
x 1011 44 ‘ions = aya and: the hight pressure limit. 9.9 4 201 ex 10° 


1 tee jae The high efficiency of this reaction was shown to 
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be of a comparable order of magnitude with other atomic and 
radical additions to NO. The observed kinetics have been shown 


to be consistent with an energy transfer mechanism, 
S + NO = — SNO* 


SNOAS aie SNO ne Me 


10 
se 


The lifetime of SNO* was estimated to be ~10— Ce 


The rates of reaction of 5(3p) atoms with ethylene, 


propylene and trans-2-butene episulfides are 1.4 + 0.2 x vol 


10 10 1 Foleee Byer respectively 


Cole Oe exe hOumuande 4. Ome Ocal O 
and the activation energies are close to or equal to zero. These 
high rates are found to be consistent with the low potential 
energy barrier of activation predicted by EHMO calculations. 

The trends in the rates of reaction of 5 (3p) atoms 
with olefins clearly demonstrate the electrophilic character of 
s(>p) atoms, first reported in relative rate studies. Further- 
more, the temperature dependence of the rate constants shows a 
surprising trend to negative activation energies with increased 
alkyl substitution. This is qualitatively rationalized in terms 
of potential energy curve crossings, where the position of the 
crossing relative to the energy of the separated reactants deter- 
mines the temperature dependence of the reaction. 

Theanesultssonr the s(p) + alkyne systems demonstrate 
the same general features as the olefin study. The activation 


energies for addition to alkynes are somewhat higher than those 
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to the olefin counterparts. It appears that reaction with 2-butyne 
would not exhibit a significant negative temperature dependence. 
~The enhanced A factor in the acetylene reaction as compared to the 
ethylene case has been shown to be consistent with a higher number 
of rotational modes in the C H5S adduct relative to the acetylene 


2 


molecule. The absolute rate of addition to C.D, is the same as 
that to CoH. If the activated complex is assumed to be a trans 


divadicall. size. 
H : 
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ay 


then the normal frequencies of the complex can be estimated by 
comparison with those of propylene, and insertion into the 
Bigeleisen equation for Ki/ky correctly reproduces the experimental 
value of 1.0. 

The results presented in this study provide a most use- 
ful extension to conventional studies of the chemistry of s(P) 
atoms and allow the calculation of other absolute rate constants 
from relative rate data. The technique is relatively simple and 
accurate and its scope can be broadened to cover a wide variety of 
substrates. Of special interest are desulfurization reactions 
since they are important in a number of industrial processes. The 
technique could also be extended to the photolysis of other sulfur- 


containing compounds where s(3p) atoms are believed to be involved 


in the mechanism. 
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APPENDIX I 


Derivation of the Relationship between Thermal Population 


Distribution and the Magnitude of the Observed Absorptions 


In the case of thermal equilibrium, population ratios 


can be calculated from the equation 


Naepes on 


~ n 
ie Mae a [1] 
No che oti 


where NA and No are the number of atoms, ar and g, are the stat- 
istical weights, and EF and En are the energies above the ground 
state for states n and m respectively. 

The intensity of absorption for the transition n to s 


is 


where NY is the number of molecules in the initial state n, pea 


is the transition probability for absorption, and ees is the 
density of radiation of frequency vee 
The transition probability for absorption is proportion- 


al to the transition probability for emission as given by 


pr =~ = ar [3] 
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where A is the transition probability for emission. Combining 


equations [2] and [3], yields 
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If one assumes Po, * 0 (this approximation is valid if, 


sm 
as in the present system, the absorbing radiation is a broad con- 


tinuum) and Vee then equations [1] and [4], yield 
qsm sn ~E,/KT 
snsm = ay [5] 
A I aol 


This equation is valid provided the energy separation 
between the two absorptions is small relative to the energy of the 


3 3 
9° Ps and ~P 
states of sulfur since the maximum separation is 1.64 kcal and 


the energy of the transition to the *S. level siseclo0e kcal 


transitions. This is true for the case of the 3p 0 


The relationship between absorption intensity and 


monitored peak heights is expressed by 
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where y is the experimental Beer-Lambert Coefficient. Combining 


Poleancde odiseuchd se gives 
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which is the desired relationship. 
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APPENDIX II 
For the reaction scheme 


S + NO — SNO* 


SNO* + M ——> SNO + M 


The steady state equation 


Oz 


d(SNO*) - , (5)(NO) - k 


dt a p (SNO*) 


- k_. (SNO*) (M) 


can be written since SNO* has a lifetime which is short relative 


to the monitoring time scale. Hence, 


k,(S)(NO) 
* = ei: bee 
kh + KOM 


and 


dSee * 
ae = Kp (SNO*) = ki (S)(NO) 
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APPENDIX ITI 


Analog Computer Simulation of the 5 (3p) Plus 


Ethylene Reaction 


The reaction scheme used was a simple two step sequence: 


ky 
S +E ——> ES E = ethylene 


Ko ES= ethylene episulfide 
Stes ce Sy 


The variation of the concentration of the various reactants as a 


function of time can be expressed as: 


- = k,(S)(E) + ky(S)(ES) 
- SS = - k,(S)(E) + k5(S)(ES) 
dS 


- ae = - ky(S)(ES) 


Using these equations, an electronic schematic was constructed 
for this reaction system, Figure AIII-1. The necessary input 


information required to fully describe the system is the initial 
3 
( 


S(“P) atom concentration, the ethylene concentration, and the 
rate constants kK, and k,- The initial s(3p) atom concentration 
was taken as 1.0/7 x or moles ia and the ethylene concentration 


asmin 4x 10> moles ia Setting k, equal to 0, 1.7 x 1019, and 


10 ] 


sae). the values of k, were adjusted for the 
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second and third cases such that the observed decay curves would 
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best match that of kK = 9 x 108 ] Toren gas at k, = 0. The 


Z 
values of k, obtained were 8.5 x 108 ] ae sec! and 8.3 x 10° 
Wimole ‘Meee Thus, uSing the rate constants for the s(>P) + 
10 


CHAS reaction determined in this study and by Donovan et al 


> 


the occurrence of the secondary abstraction reaction yields a rate 


constant value of Ky which is high by ~ 5%. If one accepts the 


isc 


higher value of ) determined by Klemm and Davis ~~, the effect 


will be to increase the error to ~ 7%. Figure AIlI-2 illustrates 
the excellent match obtained. For kK, dex el ] mole” | sec 
the match was only slightly less perfect. Figure AIII-3 shows the 
time dependence of the concentration of the species present. It 


may be noted that since ethylene was in excess of ei P) atoms by 


a ratio of 131:1, its concentration was taken to be constant. 


24] 


tie te oa ri , KA | 

aig Bley Seine elnaneeome 
aide. 929M: VL RE 2 a Hon ah alae at eres) 
jotta 8 96 a al i Abarerietot A Na glare wright 
weevil 7 So TAS EE a ibe deewcah oh | fe 

.Moage ts ica MO Ban pita o's Ae 

wil pe cerhihenuplt > 4a8eh seat whi te ine cw dag @é 
it “ssneastel 9k oyehane ay veri Amc pnhaba 7 ” 
yd- ina (Y)2 Sardi vw wool wive Moma: Fell atom. “— “4 

eledepus al Os Korey poy cunts tune A i 


he Sri ih 
>) < 7 


; 7 t 


ms a ' f : 7 7 : 
ae | 
As my pt. 
wy. n i 7 
‘ : | a ’ 
id. one 2 | 

7 7 my . 
: » Se 
7 z Arh yar aaale Y 


' 4 Oe bie - 


242 


“SO9WIYIS UOLZDeDY Xa| dwo) pue OL AWLS UIIMJ9q Ye} 40 UOLZEUISNL LT =2-1LIV a4yndI4 


IWIL 


NOILVYLNSDNOD 


288 30/1 OLxZL= oH * Pas B}ow/] Olx S'g=ly puo Q=2y' 
9§ 30W/1,01x6="4 JO 3dO1S 3H1 JO NOMLISOdWINIENS 


(d 


¢) 


"uoLjoeay aualAUaA snd 


S ay. UO SWL] JO UOLZOUNY & Se SA{LJOUg UOLZPUZUSDUO) 


IWIL 


yNdINS: 


ICIS INS Id3 


0S 4VH2D —— AGI4INSId3a +S 
JglINsida— "H2D +5 
NOILVINWIS YSLNdWOD SOIVNYV 


-€ 


[ily aangia 


NOILVaYLNSONOD 


7 _ 
os 


\ f 
& — eee — - 
7 : - pm ied 
. COMMS MLB 
a) 7 : - a 


y 
} mo 


B30167 


5 eh gt} 


i Jescgigsseze 
Sh he: 


